Allozyme Analysis of Billfish Population Structure by Morgan, Lee W.
W&M ScholarWorks 
Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects 
1992 
Allozyme Analysis of Billfish Population Structure 
Lee W. Morgan 
College of William and Mary - Virginia Institute of Marine Science 
Follow this and additional works at: https://scholarworks.wm.edu/etd 
 Part of the Fresh Water Studies Commons, Marine Biology Commons, and the Oceanography 
Commons 
Recommended Citation 
Morgan, Lee W., "Allozyme Analysis of Billfish Population Structure" (1992). Dissertations, Theses, and 
Masters Projects. Paper 1539617645. 
https://dx.doi.org/doi:10.25773/v5-0h76-7660 
This Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M 
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
ALLOZYME ANALYSIS OF BILLFISH POPULATION STRUCTURE
A Thesis 
Presented to 
The Faculty of the School of Marine Science 
The College of William and Mary in Virginia
In Partial Fulfillment 
Of the Requirements for the Degree of 
Master of Arts
by
Lee Morgan 
1992
UfiRARY
•f" of the
I WRGMWjA in s titu te
\ of
\  MARINE SCIENCE.
This thesis is submitted in partial fulfillment of 
the requirements for the degree of
Approved,
Master of Arts
sl/1/ _________
Lee W. Morgan
August 1992
John) E. Graves, Ph.D. 
Committee Chairman/Advisor
John A. Musfck, Ph.D.
John M. Brubaker, Ph.D.
.Aon A. Lucy , M. S.
Bruce S. Grant, Ph.D. 
College of William and Mary 
Williamsburg, Virginia
ii
This thesis is dedicated to my best friend and wife, Kris 
and to Sabo who both provided me with love, encouragement, 
and support.
DUM SPIRO SPERO.
iii
TABLE OF CONTENTS
Page
ACKNOWLEDGEMENTS.........................................V
LIST OF TABLES.........................................vii
LIST OF FIGURES.......................................viii
ABSTRACT................................................ ix
INTRODUCTION............................................. 2
Life history overview of striped marlin,
blue marlin, and sailfish............................ 6
OBJECTIVES.............................................. 21
MATERIALS AND METHODS.................................. 2 4
Sample Collection................................... 24
Electrophoretic Technique........................... 28
Gel Scoring.......................................... 29
Statistical Analysis................................ 31
Interspecific Comparisons........................... 34
RESULTS 3 6
DISCUSSION.............................................. 68
Intraspecific Variation............................. 68
Population Structure................................ 71
Interspecific Differentiation.......................80
CONCLUSIONS............................................. 8 3
APPENDIX 1.............................................. 85
APPENDIX II............................................. 94
LITERATURE CITED.......................................100
VITA................................................... 114
iv
ACKNOWLEDGEMENTS
I want to thank foremost my major professor, John 
Graves, for giving me the opportunity to study a fascinating 
subject. Throughout my study, he provided insight, 
experience, and unwarranted patience. I would like to 
especially thank John for his time; his open door policy 
(literally) was appreciated and is a tribute to his devotion 
to teaching. I would also like to thank the members of my 
committee for their constructive criticism and input.
I greatly appreciate the assistance and camaraderie of 
my lab mates Ed Heist, Jan McDowell, Sandra “Stacy" Blake, 
Dan Scoles, and David Plottner. Special thanks to John 
Keinath, Deb Barnard-Keinath and Bev Sauls for editorial 
assistance. Also thanks to Jon Mintz for his computer 
expertise. Of course thanks to Mom, Mindy, Scott and Lori, 
and Bob and Marilyn Deter.
Financial support from the Billfish Foundation for one 
years assistantship, the Houston Underwater Society's 
Seaspace Scholarship, and the American Museum of Natural 
History's Lerner-Gray Fund for Marine Research is also 
acknowledged. The Inter-American Tropical Tuna Commission 
provided assistance in obtaining samples. I would also like 
to thank my brothers in the Fraternity of Phi Gamma Delta 
for their valued award.
However none of what I have done in the past three 
years could have been accomplished without the support of my
v
best friend, who also happens to be my wife, Kris.
vi
LIST OF TABLES
Table Page
1. Common and scientific names of billfish........ 3
2. Presumptive protein encoding loci scored...... 30
3. Allele frequencies
for 12 variable loci in striped marlin........ 53
4. Per locus heterozygosity and Fst
value for striped marlin......................54
5. Matrix of Nei's genetic distance
for striped marlin............................ 55
6. Allele frequencies for 10 variable
loci in blue marlin........................... 57
7. Per locus heterozygosity and Fsl
values for blue marlin........................ 58
8. Allele frequencies for 8 variable
loci in sailfish.............................. 60
9. Per locus heterozygosity and Fsl
values for sailfish........................... 61
10. Allele frequencies for 9 variable
loci in white marlin.......................... 63
11. Matrix of Nei's genetic distance
among 7 species of billfish...................66
LIST OF FIGURES
Figure Page
1. Distribution of striped marlin................. 7
2. Atlantic and Pacific
distribution of blue marlin....................13
3. Atlantic and Pacific
distribution of sailfish.......................17
4. Location of sampling
sites for striped marlin and white marlin.....25
5. Location of sampling sites for blue marlin....26
6. Location of sampling sites for sailfish....... 27
7. UPGMA cluster of Nei's genetic distance
for seven species of billfish................. 67
viii
ABSTRACT
Samples of billfish were collected worldwide to determine 
the degree of genetic variation and level of population 
structure within striped marlin, blue marlin and sailfish. 
Samples of 40-70 striped marlin were collected from 
Australia, Ecuador, Hawaii, and Mexico and analyzed with 
starch gel electrophoresis to assess^genetic population 
structure. Average heterozygosity (H) over 44 protein- 
encoding loci ranged from 0.03 1 in the Australian samples to 
0.042 in the Mexican samples. Significant differences in 
allele frequencies among the sample sites were found for the 
AAT-1 and MEP-1 loci. Wright's Fst (1978) among sample sites 
was 0.018, indicating a slight degree of population 
structure within striped marlin.
To assess the degree of intraspecific differentiation 
within striped marlin, a comparison was made to the amount 
of genetic differentiation occurring between Atlantic and 
Pacific billfish conspecifics (blue marlin and sailfish). 
Fifty-four blue marlin were collected from Hawaii to 
constitute a Pacific sample, while 54 blue marlin were 
collected from Puerto Rico and Jamaica to represent an 
Atlantic sample. Average heterozygosity was close to that 
of striped marlin (HAll=0.027, HPac=0.043). Wright's Fst was 
0.044, indicating a larger degree of population structure 
than striped marlin. Sailfish were collected from two sites 
in Mexico for an Pacific sample and from Florida to 
represent an Atlantic sample. Average heterozygosity within 
sailfish was the lowest of any of the billfish species 
surveyed (HAtl=0.0015, HPac=0.006). Wright's Fst was close to 
that of striped marlin (Fsl=0.023). Together the pattern of 
genetic differentiation within striped marlin, blue marlin, 
and sailfish provide evidence that population structure can 
exist in a strictly pelagic species.
Finally, the genetic divergence among seven species of 
billfish was determined using Nei's genetic distance (1972) 
as a measure. The billfish as a group tended to be closely 
related. Blue and black marlin, two species which have 
historically been placed in the same genus, Makaira, 
exhibited the largest Nei's genetic distance measure 
(D=0.377). This raises the question as to whether blue and 
black marlin have shared a recent common ancestor.
ix
ALLOZYME ANALYSIS OF BILLFISH POPULATION STRUCTURE
INTRODUCTION
The families Istiophoridae and Xiphiidae are 
collectively referred to as billfish and are represented by 
ten nominal species (Table 1). The monotypic family 
Xiphiidae consist of the swordfish (Xiphius gladius), while 
the family Istiophoridae comprise 3 genera, Istiophorus. 
Tetrapturus. and Makaira. representing 9 nominal species 
(Klawe 1980, Moyle and Cech 1982, Nakamura 1983).
Billfish represent a major commercial and recreational 
fishing resource throughout tropical and temperate waters. 
The fish attract anglers worldwide, not only because of 
their large size, but also because of their fighting 
abilities (Smith 1956) which have achieved literary fame in 
the classic works of Ernest Hemingway and Zane Grey.
Billfish tournaments are held several times a year 
throughout the world and represent a major source 
of revenue for local economies. Centers for recreational 
marlin and sailfish angling in the Atlantic include Africa, 
Puerto Rico, Jamaica, Cuba, Venezuela, the Bahamas, Florida, 
and the east coast of the United States (Erdman 1962, de 
Sylva 1963, Bochenek 1989). In the Pacific, marlin fishing 
is popular throughout the basin with international 
tournaments conducted in Hawaii, Australia, New Zealand,
2
TABLE 1. Common and scientific names of billfish.
Common name 
Sailfish 
Black Marlin 
Blue Marlin 
White Marlin 
Shortbill spearfish 
Striped Marlin 
Mediterranean spearfish 
Roundscale spearfish 
Longbill spearfish 
Swordf ish
Scientific name 
Istiophorus platvpterus 
Makaira indica 
Makaira nigricans 
Tetrapturus albidus 
Tetrapturus anaustirostris 
Tetrapturus audax 
Tetrapturus belone 
Tetrapturus georgei 
Tetrapturus pfluegeri 
Xiphius gladius
4Fiji, Mexico, and the Philippines (de Sylva 1969).
In addition to the sport fishing industry, billfish 
support a major commercial fishery (Ueyanagi 1974). Chief 
among countries engaged in this fishery are Japan, Taiwan, 
and Korea, which harvest billfish from the Indian, Pacific, 
and Atlantic Oceans (Kume and Schaeffer 1966, Koga 1967, and 
Kume and Joseph 1969a,b).
Despite the economic importance of billfishes, little is 
known about their life history. This is also true of their 
population genetics (Shaklee et al. 1983). Many questions 
concerning the nature of population structure, gene flow, 
and interspecific and intraspecific genetic differentiation 
remain unanswered. Part of this deficit in knowledge arises 
because population studies of pelagic fishes are generally 
difficult and expensive. Unlike shorefishes, sample sizes 
large enough for population level studies can not generally 
be collected at one time by one (or a few) worker(s). Marlin 
and sailfish tend not to school in large numbers and 
individuals may transit hundreds of miles. In addition, 
capture itself is a relatively rare event (even in 
tournaments).
By utilizing the assistance of fishery biologists 
worldwide (both sport and artisinal fisheries) to secure 
large enough sample sizes, and employing the technique of 
allozyme electrophoresis (an economical and relatively rapid 
technique), the present study was able to elucidate the
5genetic basis of population structure in billfishes. Since 
movements and migrations of these fishes are important in 
interpreting the genetic results, a general overview of the 
life history of marlin and sailfish is given as an 
introduction. This thesis then presents the genetic basis 
of population structure for striped marlin, blue marlin, and 
sailfish. The level of genetic differentiation between 
billfish species is also presented.
6Life History Overview of the Striped Marlin, Blue Marlin, 
and Sailfish
Striped marlin
Striped marlin, Tetrapturus audax, are large, pelagic 
fishes found in tropic and subtropic waters. Striped marlin 
principally inhabit the Pacific and Indian Oceans.
Catch per unit effort (CPUE) data (defined as "the catch 
of fish, in numbers or in weight, taken by a defined unit of 
fishing effort" [Ricker 1975]) have been used to infer 
distribution and seasonal movements of marlin in various 
areas. Although CPUE data have limitations, their use in 
estimating stock abundances is widespread in fisheries 
science (Gulland 1983). Catch statistics from the Fisheries 
Agency of Japan (cited in Ueyanagi and Wares 1975, Squire 
and Suzuki 1990) indicate that striped marlin range from the 
west coast of the Americas to the east coast of Africa. The 
abundance of striped marlin is concentrated in a horse-shoe 
pattern ranging from the northwest Pacific near Japan to the 
east central Pacific off the coast of Mexico and back around 
to the coast of Australia (Figure 1). Striped marlin have 
been found to latitude 45°N and 45°S in the Pacific. In the 
northern Pacific, major areas of abundance occur off the 
coast of Mexico to longitude 130°W with a area of 
particularly high CPUE near Baja California (Miyabe and 
Bayliff 1987). In the central Pacific, striped marlin are 
found in high density in the waters around the
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8Hawaiian Islands. In the southern Pacific, the highest 
centers of abundance are off the coast of Ecuador and around 
the Galapagos Islands. Lesser areas of abundance occur off 
the coasts of Australia, New Zealand, Japan, Madagascar, 
Sumatra, and South Africa (de Sylva 1962, Nakamura 1974).
Although not generally considered an Atlantic species, 
striped marlin have been reported off the west coast of 
Africa (Talbot and Penrith 1962). These individuals may 
represent remnants of an ancestral population or are 
individuals which migrated around the Cape of Good Hope.
Striped marlin are migratory fish. Seasonal migrations 
for striped marlin have been reported throughout much of the 
Pacific basin consisting of a movement toward higher 
latitudes in the summer months in each hemisphere, with a 
corresponding movement back to eguatorial waters each winter 
(Howard and Ueyanagi 1965, Koga 1967, Parin 1968, Strasburg 
1969, 1970, Squire and Suzuki 1990). Striped marlin in the
southern hemisphere west of longitude 150°W migrate from 
high latitude waters (15°S-30°S) to lower latitudes 
(18°S-19°S) from August to November (Koga 1967). Japanese 
longline records indicate that east-west migrations of 
striped marlin may also occur in the eastern Pacific, with 
striped marlin concentrated east of longitude 100°W to 
105°W from January through April and then expanding westward 
from July to December, covering a wide expanse of the 
tropics (Suda and Schaefer 1965, Miyabe and Bayliff 1987).
9Seasonal movements of areas of high CPUE may reflect 
movements of striped marlin. Squire and Suzuki (1990) 
examined unpublished CPUE data presented by Suzuki and Honma 
from Japanese longline excursions between 1965 and 1975. 
Results of their analysis suggested a seasonal movement of 
striped marlin in the Pacific. In the northwest Pacific 
west of 165°E, there is a west-northwest movement of high 
CPUE areas during summer months and a corresponding 
south-southeast movement in the winter. This trend was also 
observed in the northcentral Pacific, (165°E to 13 0°W) . In 
the northeast Pacific, off the coast of Mexico, changes in 
CPUE values suggest a northwest movement toward Baja 
California during the late winter and early spring, 
continuing into the summer. In the fall and early winter, 
there is a south-southeast shift in areas of high CPUE 
values. In the southern hemisphere, changing CPUE patterns 
also suggest seasonal movements. In the southwest Pacific 
just north of New Zealand, there is a west-northwest 
movement of areas of high CPUE to about latitude 22°S from 
August to November with a south-southeast movement after 
November. In the south-central Pacific, high-CPUE movement 
to higher latitudes during the southern winter and movements 
to lower latitudes during the southern summer were also 
noted.
Tagging studies also demonstrate seasonal movements of 
striped marlin. Squire (1987) reported the results of a
10
long term tag and recapture study of billfish in the Pacific 
Ocean conducted by the Woods Hole Oceanographic Institution 
(WHOI). Between 1968 and 1981, 12,689 striped marlin were 
tagged off southern California, Baja California, and in the 
Gulf of California. The majority of fish were tagged off the 
tip of Baja California between April and August. In 
Mazatlan, Mexico striped marlin were tagged from January 
through March and off southern California, from August to 
October. Tag returns (155 out of 12,689) suggest a south or 
southwest movement away from the tagging locations in the 
early fall and winter. In the late winter and early spring, 
marlin in this area move northward toward the Baja 
California peninsula.
High gonadal indices from southern recaptures suggest 
the summer movement is related to spawning (Kume and Joseph 
1969b). Relatively short migrations occurred in the 
northeast Pacific with 96.7% of the tagged fish recovered 
within 800 n.mi. of the point of release. However, some long 
distance movements were observed. Two striped marlin tagged 
off Cabo San Lucas, Mexico were recovered more than 1,000 n. 
mi. from the point of release. Two marlin tagged off 
southern California were recovered more than 2,000 n. mi. 
from the point of tagging. Striped marlin in other regions 
are also reported to undertake long range movements (Mather 
1969, Squire 1987) .
Little is known of striped marlin stock structure,
11
although several models have been proposed. Suzuki and 
Honman (cited in Squire 1987) suggested three separate 
stocks composed of northwest, southwest and eastern Pacific 
divisions. Kamimura and Honma (1958) proposed two stocks 
consisting of a northern and southern group based on an 
apparent zone of low longline catch rates along the equator 
in the central and western Pacific. Recaptures of marlin 
accidentally 'tagged' by radioactive fallout during a 1954 
nuclear bomb test on Bikini Atoll supported a two stock 
model (Nakamura et al. 1955, as cited in Strasburg 1970). 
Contaminated fish were found only in the north Pacific 
suggesting the possibility that separate populations exist 
in the northern and southern hemispheres. Shomura (1980) 
proposed a single stock encompassing the entire Pacific 
basin. Consistent with the one and two stock views are 
distributions of catch rates, which are high in the northern 
central Pacific, southern central Pacific and eastern 
tropical Pacific on both sides of the equator during similar 
quarters of the year (Skillman 1990). It is unclear whether 
the putative stocks are genetically distinct.
Blue Marlin
The blue marlin, Makaira nigricans, is a large, free 
ranging pelagic species. The blue marlin occurs worldwide 
in the tropical and warm temperate waters of the Atlantic, 
Pacific, and Indian Oceans (Figure 2).
12
Japanese longline records show latitudinal ranges from 
latitude 45°N to 35°S in the Atlantic (Watanabe et al. 1988). 
Blue marlin are less concentrated in the eastern North 
Atlantic (Bochenek 1989) , but occur in high numbers off the 
west coast of Africa between 25°N and 25°S (Rivas 1975). In 
the western Pacific, the latitudinal range of blue marlin 
extends from 45°N to 35°S, but their abundance is greater in 
equatorial waters. The range is more compressed for blue 
marlin in the eastern Pacific, extending from latitude 35° N 
to 29°S (Howard and Ueyanagi 1965). In the South Pacific 
and Indian Oceans, blue marlin are found to 35°S (Koga 
1967), with centers of abundance around Sri Lanka and 
Mauritus (Morrow 1959).
Analysis of Japanese longline CPUE data suggest that two 
major seasonal concentrations of blue marlin exist in the 
western North Atlantic. Monthly distribution of catch data 
by Japanese longliners show peaks from January to April 
between latitude 5°S and 3 0°S and another peak from June 
through October between latitude 10°N and 3 5°N. (Mather et 
al. 1972, Mather et al. 1974, Rivas 1975, Nakamura 1985).
The two concentrations of blue marlin may represent distinct 
spawning populations (Mather et al. 1974). Seasonal 
abundances of blue marlin are also evident in the Puerto 
Rico sport fishery where large numbers are caught during the 
summer months of August, September, and October with a
Figure 2. Atlantic and Pacific Ocean distribution 
of blue marlin from Nakamura, 1985.
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decline in catches during the late winter months (Erdman 
1962) .
A seasonal pattern of blue marlin abundance has also 
been observed in the Pacific Ocean. In the western and 
central south Pacific, commercial longline CPUE is higher 
for blue marlin from December to March between latitude 8°S 
and 26°S (Royce 1957) . In the western and central north 
Pacific, CPUE is higher from May through October. During 
the months of April and November, the fish concentrate in 
the equatorial latitudes, between 10°N and 10°S (Royce 1957).
The distribution of blue marlin may be a function of 
surface water temperature and other oceanographic features 
since the fish spend most of their time in the upper 
stratified layer (Holland et al. 1990). In the western 
Atlantic, blue marlin have been taken in areas with surface 
water temperatures ranging from 23.9°C to 28.3°C (Squire 
1962). Similar surface temperatures were found in the 
Pacific where blue marlin were taken (Rivas 1975). Currents 
may also effect the distribution of blue marlin. Rivas 
(1975) stated that distribution may be influenced by 
regional water masses. Blue marlin in the northern Gulf of 
Mexico were found to be associated with the seasonal Loop 
Current. The Loop Current, an extension of the Caribbean 
Current, flows northward into the Gulf of Mexico through the 
Yucatan Channel. The northward extension is seasonal with 
the current reaching its most northern latitudes during the
15
summer (Pickard and Emery 1982). Water clarity may also 
have an effect, in that blue marlin seem to have a 
preference for blue water (Nakamura and Rivas 1972).
Tag-and-recapture studies of billfishes were conducted 
by the Cooperative Game Fish Tagging Program (WHOI) to 
elucidate migrational movements. In the program, 8,447 blue 
marlin were tagged by commercial and recreational fishermen 
in the Atlantic Ocean, Gulf of Mexico, and Caribbean Sea 
from 1954 until 1988 (Witzell and Scott 1990). While only 
30 (0.35%) tags were returned, considerable information on
movements of blue marlin in the Caribbean was gained. Data 
indicated that blue marlin, like scombrids, are capable of 
long migrational movements. Two blue marlin tagged in the 
"North Drop" off St. Thomas in the Virgin Islands were 
recovered 7000 km away off the Ivory Coast of West Africa 
after spending more than 150 days at large (Witzell and 
Scott 1990). It is not known whether return trans-Atlantic 
migrations are made. In addition, recaptures indicated 
seasonal movement between the U.S. east coast (summer) and 
the Caribbean Sea (winter), and between the Bahamas (winter) 
and the Gulf of Mexico (summer). Tag returns have not 
clearly demonstrated transequatorial movements and it is 
still has not been shown whether 'stocks' in the southern 
Atlantic and northern Atlantic oceans mixed.
Many authors contend that blue marlin comprise a single, 
circumtropical species (Rivas 1956, 1975; Royce 1957, Briggs
16
I960, Robins and de Sylva 1960). However, other workers 
believe that the Indo-Pacific form is a separate species, M. 
mazara. based on differences in lateral line morphology and 
osteological evidence (Morrow 1959, Nakamura et al. 1968, 
Nakamura 1985).
Sailf ish
Sailfish, 1stiophorus platypterus, are distributed 
widely throughout the tropical Pacific and Atlantic Oceans, 
and to a lesser extent in the Indian Ocean (Figure 3). They 
are found in highest density close to land masses (Royce 
1957) .
In the western Pacific, sailfish density is highest near 
the land masses of New Guinea, the Caroline Islands, the 
Solomon Islands, Banda Sea, East China Sea, and the seas 
southwest of Japan (Koto et al 1959, as cited in Howard and 
Ueyanagi 1965). Longline data show sailfish catches as far 
south as 27°S and as far north as 40°N in the western Pacific 
(Beardsley et al. 1974). Howard and Ueyanagi (1965) 
suggested that there is a close relationship between the 
Kuroshio Current and the distribution of sailfish in the 
western Pacific, where both adults and juveniles are found 
in high concentrations along the coastal waters of southern 
Japan. It is here that the Kuroshio Current is closest to 
Japan. Postlarvae also occur abundantly in the area of the
Figure 3. Atlantic and Pacific Ocean distribution
of sailfish from Nakamura, 1985
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Kuroshio Current (Yabe 1953, cited in Howard and Ueyanagi 
1965, Ueyanagi 1964).
Sailfish in the eastern Pacific are found along the 
southern coast of California down to Cabo San Lucas, Baja 
California and the mainland coast of Central America.
Howard and Ueyanagi (1965) give a southern limit of 
distribution to Talara, Peru (5°S). In the Gulf of 
California sailfish occur to 30°N (Howard and Ueyanagi 
1965).
Sailfish are numerous in the Gulf of Mexico with centers 
of distribution in the Bahamas, Florida Keys, Texas coast, 
and eastern coast of South America (Voss 1953). Large 
numbers of sailfish are also found on both the western and 
eastern coasts of Florida, and support a large sport fishery 
there (de Sylva 1969, Jolley 1974). Carolina and Virginia 
coastal waters also host sailfish during warm summers (Voss 
1953, Bochenek 1989).
In the eastern Atlantic, the distribution of sailfish is 
more restricted. Sailfish are found in highest 
concentration off the coast of West Africa between 10°S and 
20°N (Beardsley et al. 1974). Ovchinnikov (1972) correlated 
the distribution of sailfish between Freetown, Senegal (9°N) 
and Saint Louis, Sierra Leone (16°N) with hydrologic 
conditions. Sailfish were concentrated on a stretch of 
continental shelf with a depth ranging from 70-110 m, and 
congregated at the boundary of the Canaries Current and the
19
Equatorial Countercurrent. The meeting of these two water 
masses produces a zone of high biological productivity 
characterized by high abundances of sailfish prey items 
(Sardinella, Trachurus. and Enoraulis). Ovchinnikov (1972) 
found that as the frontal zone between the currents moved 
north from May to August, so did the concentration of 
sailfish. In the fall, sailfish moved from north to south, 
apparently following a 28°C isotherm.
Like other billfish, sailfish are capable of long range 
migrations. A total of 39,880 sailfish was tagged from 1954 
to 1987 in conjunction with the Cooperative Game Fish 
Tagging Program conducted by WHOI (Scott et al. 1990). 
Despite a low recapture rate (543 individuals, 1.4%), tag 
data provided information on movements and migration. The 
longest distance travelled by a sailfish was 3,400 km from 
North Carolina to Guyana. A sailfish tagged off Cape 
Hatteras, N.C. was recovered 1,853 km away just north of 
Surinam (Mather et al. 1974). At this time no transatlantic 
or transequatorial movements have been reported for sailfish 
in the Atlantic. Squire (1974) reported that of 4,821 
sailfish tagged in a Pacific program from 1954 through 1971, 
only 10 (0.24%) tags were recovered. Most recaptures were 
reported within 100 km of tagging, however a sailfish tagged 
off Mazatlan, Mexico was recovered 300 km away, off Baja 
California.
Sailfish are year-round residents in much of their
20
range, however, some seasonal movements are evident. Voss 
(1953) noted that there was a northward diffusion into 
higher latitudes during the summer for sailfish off the east 
Florida coast. During the fall and winter, sailfish again 
concentrated in the tropical latitudes. Using CPUE data 
from the Japanese longline fishery in the Atlantic, Wise and 
Davis (1973) noted a seasonal change in sailfish 
concentration. From April to September they observed a CPUE 
increase in the Gulf of Mexico, north coast of South 
America, and Caribbean Sea. Kume and Joseph (1969a) stated 
that sailfish were abundant off the Mexican coast all year, 
but that there was an increase in concentration from June to 
September. Howard and Ueyanagi (1965) noted a similar 
pattern for eastern Pacific sailfish.
The sailfish is considered to represent a single, 
circumtropical species, I_j_ Platypterus. Analysis of 
morphometric and meristic characters of sailfish from 
various localities in the Atlantic, Pacific, and Indian 
Oceans indicated little variation (Morrow and Harbo 1969). 
However, Nakamura (1985) lists the Pacific and Atlantic 
sailfishes as separate species, I_^  platypterus and I. 
albidans. respectively, based on relative differences in 
pectoral fin ray length.
OBJECTIVES
Few studies are available on the population structure of 
pelagic fishes such the billfish. This lack of information 
exists in part due to difficulties in obtaining large 
numbers of fresh specimens with documented dates and areas 
of capture. Both marlin and sailfish are highly migratory 
and are sparsely distributed, therefore billfish capture is 
a relatively rare event. One technique that holds promise 
for investigating billfish population structure is allozyme 
electrophoresis (Shaklee et al. 1983).
Allozyme electrophoresis, the migration of proteins 
under influence of an electric field, has been used 
frequently in the last three decades to elucidate population 
structure in coastal marine organisms (reviewed in Murphy et 
al. 1990, Shaklee et al. 1990a) and to a lesser extent, in 
analyzing population structure of pelagic organisms as well 
(Shaklee et al. 1983, Hartmann and Waldner 1989, Lavery and 
Shaklee 1989).
Proteins are polymers of amino acids joined together by 
peptide bonds. The sequence of amino acids, protein primary 
structure, is determined by an encoding DNA locus.
Mutations in the encoding DNA locus may lead to change in 
the amino acid sequence of the protein. These changes may
21
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alter the protein's catalytic function, size, and/or net 
charge. Studies have shown that these variations in protein 
structure follow Mendelian patterns of inheritance in many 
species of fishes (May and Krueger 1990) and as such, make 
good characters for the analyses of population structure.
Since Lewontin and Hubby (1966), allozyme 
electrophoresis has been used as a powerful tool in 
analyzing the gene flow, amount of differentiation and 
degree of population structure in natural populations. 
Because allozyme electrophoresis is less ambiguous than 
traditional analysis such as tag-and-recapture studies and 
meristic analysis, it is especially attractive for analyzing 
population structure in billfishes. In addition, this 
technique requires comparatively few samples, is 
inexpensive, and is relatively simple to perform.
The objectives of this study were to elucidate the 
genetic basis of population structure within striped marlin, 
T . audax in the Pacific Ocean and to determine the magnitude 
of genetic differentiation between Pacific and Atlantic 
conspecifics (blue marlin, M_s_ nigricans, and sailfish, I. 
platypterus). The study also compared different levels of 
genetic differentiation between seven species of billfish.
In all cases the null hypothesis was that no significant 
genetic differences exist between geographically distant 
samples of the same species.
It was expected that the billfish studied would show low
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levels of genetic differentiation. The billfish are 
migratory, and long range movements would provide the chance 
for animals inhabiting distant regions of an ocean basin to 
encounter one another and reproduce. Conversely, 
individuals may travel smaller distances, but gene flow 
could effectively occur between distant regions over 
subsequent generations. In either case, gene flow over 
distant areas in a basin would tend to homogenize largely 
separated populations genetically, since even a small number 
of migrants can significantly reduce heterogeneity (Selander 
and Yang 1969). However, small degrees of population 
structuring were evident in each species studied.
MATERIALS AND METHODS
Sample Collection
Billfish were collected from worldwide sportfish 
tournaments and artisinal fisheries. Sportfish tournaments 
were targeted for collection because relatively large sample 
sizes with documented time and location of capture could be 
collected in a short period of time. Samples of liver and 
muscle tissue were dissected from the fish at dockside 1 to 
8 hours after capture and placed on ice. Samples were 
maintained at -20°C until the tissues could be shipped 
frozen to the Virginia Institute of Marine Science (VIMS).
With the help of many individuals, large sample sizes of 
billfishes were obtained. A total of 210 striped marlin was 
collected from four sites in the Pacific: Kona, Hawaii 
(N=69); Manta, Ecuador (N=45); Port Stephens, Australia 
(N=55); and Cabo San Lucas, Mexico (N=41) (Figure 4). Blue 
marlin were collected from Kona, Hawaii (N=54); San Juan, 
Puerto Rico (N=33); and Port Antonio, Jamaica (N=20) (Figure 
5). The data from the Puerto Rico and Jamaica blue marlin 
samples were combined to constitute an Atlantic sample. 
Sailfish were collected from Cabo San Lucas, Mexico (N=18); 
Mazatlan, Mexico (N=20); and Islamorada, Florida (N=28) 
(Figure 6). Data from the Cabo San Lucas and Mazatlan
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samples were pooled to constitute a Pacific sample. In 
addition, samples of 20 white marlin (Tk_ albidus) from the 
Dominican Republic (Figure 4), 4 black marlin (M_;_ indicus)
from Port Stephens, Australia, 2 longbilled spearfish (T . 
pfluegeri) from Florida and 2 shortbill spearfish (T . 
anaustirostris) from Hawaii were collected for interspecific 
comparisons. Collection data for all billfish samples are 
presented in Appendix 1.
Electrophoretic Techniques
All samples were held at -20° to -70° C until 
homogenization. The samples were prepared for homogenization 
by thawing 2 to 5 grams of tissue on ice for 5 to 10 minutes 
and placing them in 5 ml of grinding buffer (0.1 M Tris-HCl, 
8.0xl0'3 M EDTA, and 1.0x10° M NADP, pH 7.0). Tissue 
extracts were homogenized with a Tekmar Model TR-10 
Tissuemizer in 50 ml polycarbonate centrifuge tubes and 
centrifuged at 4°C for 40 minutes at 17,000 g. Aliquots 
were stored at -7 0°C.
Since freezing homogenants had a tendency to reduce 
activity for some enzyme systems (most notably IDDH), 
samples were immediately subjected to horizontal starch gel 
electrophoresis after homogenization following the 
procedures found in Murphy et al. (1990) and Shaklee and 
Keenan (1986). Electrophoresis was conducted at 30-50 volts 
constant current for 12-15 hrs. Gels consisted of 12%
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hydrolyzed potato starch (Starch-art Corp. Lot #W546-2). 
Maximum resolution for each locus was obtained by screening 
each separately on seven buffer systems (Tris-citrate II, 
Tris-citrate III, Borate, LIOH, EBT, TRIC, and CAAPM 
[recipes found in Murphy et al. 1990]). Enzyme patterns 
were visualized using standard histochemical recipes 
compiled in Murphy et al. (1990) and Shaklee et al. (1990). 
Esterases were detected using a-naphthyl acetate (EST) and 
4-methylumbelliferyl acetate (EST-D). Peptidases were 
detected using gly-leu, leu-pro, ala-met, leu-tyr, and 
leu-gly-gly as substrates (Table 2).
Gel Scoring
Patterns of protein variation which followed known 
subunit structure and modes of Mendelian inheritance were 
scored as genotypes (see Allendorf and Phelps 1982, May and 
Krueger 1990 for reviews of allozyme variation inheritance 
in fishes). Names of proteins and Enzyme Commission numbers 
followed guidelines set by the Commission on Biochemical 
Nomenclature (Table 2). For multilocus systems (e.g. MDH), 
loci designation followed recommendations set forth by 
Shaklee et al. (1990b), with the most anodally migrating 
electromorph designated by a 1, a less anodal locus as 2, 
and so on (ex. MDH-1). Exceptions were made for those loci
TABLE 2. Presumptive loci scored, corresponding buffer system used, 
species for which variation was detected. L=liver,M=muscle. l=striped 
marlin, 2=blue marlin, 3=sailfish, 4=white marlin
Enzyme system
Aspartate aminotransferase
Aconitase hydratase 
Alcohol dehydrogenase 
Adenosine deaminase 
Calcium binding proteins
Creatine kinase
D ihydro1ipoamide
dehydrogenase
Esterase
Esterase-D
Enolase
Formaldehyde dehydrogenase 
Fumarate hydratase 
Glyceraldehyde 
-phosphate dehydrogenase
Glycerol-3-phosphate
dehydrogenase
Glucose dehydrogenase
Glucose-6-phosphate
dehydrogenase
Glucose-6-phosphate
isomerase
Glutamate dehydrogenase 
Isocitrate dehydrogenase 
L-Iditol dehydrogenase 
Lactate dehydrogenase
a-Mannosidase 
Malate dehydrogenase
Malic enzyme
Mannose-6-phosphate 
isomerase
Phosphoglycerate kinase 
Peptidases
Phosphogluconate 
dehydrogenase 
Phosphoglucomutase 
Shikimate dehydrogenase 
Superoxide dismutase 
Xanthine dehydrogenase
E.C. Number Locus Buffer Tissue Specie
2.6.1.1 AAT-1 Trie L 1,2,4
AAT-2 Trie L -
AATm Trie L -
4.2.1.3 ACOH-1 Trie L 1,2
1.1.1.1 ADH Borate L 1,2,3
3.5.4.4 ADA-1 TC II M 1,2,3
nonspecific CBP-1 Borate L -
CBP-2 Borate L -
CBP-3 Borate L -
2.7.3.2 CK-A TC II M 3
CK-B TC II M -
1.8.1.4 DDH Borate L —
3.1.1.- EST—1 EBT M -
EST-2 EBT M 1
3.1.-.- EST-D LIOH L 3
4.2.1.11 ENO TC III M -
1.2.1.1 FDH TC II L 3
4.2.1.2 FUM TC II L 1,3
1.2.1.12 GAPDH-1 TC III L —
GAPDH-2 TC III L —
1.1.1.8 G3PDH-1 TC II M 1,2,4
1.1.1.118 GCDH TC II L 4
1.1.1.49 G6PDH-1 EBT L 2
5.3.1.9 GPI-1 EBT M —
GPI-2 EBT M 1
1.4.1.2 GTDH TC II L -
1.1.1.42 IDH TC III M 2
1.1.1.14 IDDH LIOH L 1,2,3,
1.1.1.27 LDH-1 TC II M 3
LDH-2 TC II M 2
3.2.1.24 aMAN EBT L -
1.1.1.37 MDH-1 TC III M 1
MDH-2 TC III M -
1.1.1.40 MEP-1 TC III M 1,4
MEP-2 TC III M —
5.3.1.8 MPI TC III L 4
2.7.2.3 PGK EBT M -
3.4.-.- PEP
A1A-MET LIOH M
Gly-LEU LIOH M -
GLY--LEU-LEU LIOH M -
LEU-PEP LIOH M -
LEU-TYR LIOH M
—
1.1.1.44 PGDH TC III M 1,2,4
5.4.2.2 PGM TC II M 4
1.1.1.25 SKDH TRIC L -
1.15.1.1 SOD Borate L -
1.1.1.204 XDH EBT L -
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which have already been named in the literature (ex. CK-A 
and CK-B). The most common allele at a locus was designated 
100. All others were assigned numbers indicating their 
mobility relative to allele 100. Alleles migrating 
cathodally were designated with (-). Gels of loci 
exhibiting variation were preserved with a 1:5:5 acetic
acid, methanol, and water solution and stored at 5°C. Line
drawings were made of all electromorph patterns.
Photographs were taken of all variable loci.
Statistical Analysis
For samples collected on different years (such as the 
Atlantic blue marlin), the chi square test was used to test 
for differences in allele frequency distribution. Genotype 
frequencies were tested for departures from Hardy-Weinberg 
equilibria using chi-square goodness of fit tests with a 
correction for small sample sizes (Levene 1949). Estimates 
of genetic variation included the average heterozygosity 
over loci (H) and percent polymorphic loci (P). The average 
heterozygosity was estimated based on Hardy-Weinberg 
expectations. The percent polymorphic loci was calculated 
with the criterion for polymorphism at 0.99 in all cases.
Likelihood-ratio (G) tests of allele frequencies were 
conducted to test for genetic heterogeneity among sample 
sites for each species population following the procedures 
found in Sokal and Rohlf (1969). Wright's Fst (Wright 1978)
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is a measure of the reduction in heterozygosity of a 
subpopulation due to random genetic drift and was used as an 
estimate of genetic differentiation within populations. Fst 
values were calculated:
Fsl= Ht—— Hvj
Ht (1)
where HT is the expected heterozygosity of an individual in
an equivalent random mating total population and Hs is the
expected heterozygosity of an individual in an equivalent
random mating subpopulation. Wright (1978) suggested the
following guidelines for the interpretation of Fst in
comparing subpopulations: values less than 0.05 indicate
little genetic differentiation, values from 0.05 to 0.15
indicate moderate genetic differentiation, values from 0.15
to 0.25 indicate great genetic differentiation, and values
larger than 0.25 indicate very large genetic differentiation
and was computed using the BIOSYS-1 computer program
(Swofford and Selander 1981)
Nei's genetic distance (1972) is a frequently used
measure of genetic divergence. Nei's genetic distance (D)
is a summary statistic in that it measures the dissimilarity
of allelic frequencies over all loci among populations and
is given by the formula:
D= -log I (2)
where I is the genetic identity found for each locus by:
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1=  ____________ p
|Ex2 2y2| (3)
and averaged over all loci where x and y are the frequencies 
of the ith allele at a given locus in populations A and B. 
Nei (1972) suggested that the genetic distance (D) is a 
biologically meaningful statistic in that it is an estimate 
of the number of allele frequency differences between 
subpopulations, however, this interpretation has received 
some criticism (Hillis 1984).
Slatkin (1985) outlined a method for using the frequency 
of private alleles, those alleles which are found in only 
one subpopulation, as indicators of gene flow. For samples 
taken from separate locations, (p)1 is the average frequency 
of private alleles. In a computer simulation, Slatkin (1985) 
found that log10[(p)l] is approximately linearly related to 
log10 of the absolute number of migrants (Nm):
logio[(P)i]= a log10(Nm)+b (4)
where a and b depend on the number of individuals sampled at 
each location. Further simulation results showed that 
a=-0.505 and b=-2.44 for a sample size of 25 individuals. 
Correction factors to fit actual numbers of individuals 
sampled to this curve were obtained by dividing the actual 
number sampled by 25. For comparison, Nm was also 
calculated from Fsl values for each species population from 
the equation:
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Nm= h( 1/Fsl -1) (5)
Slatkin and Barton (1989) compared both techniques and 
concluded that both the Fst and private alleles method could 
provide reasonably accurate estimates of Nm, however, they 
noted practical reasons for preferring Fst because it was 
less sensitive to errors associated with small sample size 
("private alleles" actually present in other subpopulations, 
but not seen due to sampling error).
Interspecific Comparisons
To compare the degree of interspecific differentiation 
among billfishes, Nei's genetic distance values were 
determined between seven billfish species. Striped marlin 
(N=210), blue marlin (N=109), white marlin (N=20), sailfish 
(N=64), black marlin, (N=4), longbill spearfish (N=2), and 
shortbill spearfish (N=2) were compared to obtain levels of 
interspecific and intergeneric genetic differentiation.
It is noted that there are extreme differences in sample 
sizes for the fish species used. However, Shaklee et al.
(1982) noted that sample size is relatively unimportant if 
the bulk of the genetic divergence is evident from fixed 
allelic differences over a large number of surveyed gene 
loci. In addition, when low average heterozygosity is 
present, most of the important variation can be detected by 
surveying only a few individuals.
Nei's genetic distance was used to determine the degree
of interspecific and intergeneric differentiation. The 
unweighted pair-group method using an arithmetic average 
(UPGMA) was used to cluster operational taxonomic units 
(OTUs) in a phenetic context based on Nei's genetic distance 
values.
RESULTS
Since it was not feasible to conduct breeding studies of 
billfish, the Mendelian nature of the electrophoretic 
variants had to be inferred from indirect evidence. This 
was accomplished in two ways: 1) The genetic basis of
inheritance of similar electrophoretic variation has been 
demonstrated in other fish species for some enzyme loci. 
These are noted where applicable. 2) Banding patterns of 
presumed heterozygotes were consistent with the subunit 
structure of homologous enzymes in other teleosts. Where 
data was lacking for teleosts, the observed banding patterns 
were consistent with other vertebrates. These two criteria 
are treated on a protein-by-protein basis and support the 
assumption that the observed electrophoretic variation used 
in this study has a genetic basis. To facilitate comparison 
with other studies, tissue specificity was noted for each 
locus system.
Adenosine Deaminase (ADA 3.5. 4.4)
ADA is reported as a monomer in teleosts (Richardson 1983, 
Kobayashi et al. 1984) . One locus, migrating very anodally,
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was resolved from muscle extracts for all species surveyed. 
ADA was polymorphic in the white marlin and sailfish, with 
heterozygotes exhibiting an expected two-banded phenotype. A 
single heterozygote was resolved in the striped marlin, also 
exhibiting a two-banded phenotype.
Aconitase Hydratase (ACOH 4.2.1.3)
ACOH has been reported as a monomer (Harris and Hopkinson 
1976, Murphy et al. 1990). Two loci were resolved from 
liver extracts in each of the billfish species surveyed. 
ACOH-1 was polymorphic in Atlantic blue marlin, with 
heterozygotes appearing as two-banded phenotypes. ACOH-1 
heterozygotes were also found with less frequency in striped 
marlin. ACOH-2 was monomorphic in all samples resolved.
Alcohol Dehydrogenase (ADH 1.1.1.1)
Although two loci encoding ADH have been reported for fishes 
(Waples 1986), only one ADH locus could be consistently 
scored in this study. May et al. (1979) demonstrated a 
genetic basis for the inheritance of ADH polymorphism in 
teleosts (Salmonidae). The electromorph migrated cathodally 
(TC II buffer), and was designated as ADH-2. In each of the 
four billfish species, clear three-banded heterozygotes were 
resolved, consistent with the reported dimeric structure of
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ADH in fishes (Williams et al. 1973, Shaklee and Samollow 
1984). In a study of Hawaiian blue marlin, Shaklee et al.
(1983) also observed a single locus migrating cathodally, 
with three banded heterozygotes.
Aspartate Aminotransferase (AAT 2.6.1.1)
Three loci were scored in each of the billfish species 
studied. The two anodally migrating loci have been termed 
"cytosolic", and the cathodally migrating locus 
"mitochondrial" by some authors (Schmidke and Engel 1972, 
Pantelouris 1976, Taggert et al. 1981). A genetic basis for 
the inheritance of AAT polymorphism in teleosts has been 
demonstrated by May et al. (1979). The most anodal 
migrating electromorph, AAT-1, was polymorphic in the blue 
marlin, striped marlin, and white marlin. AAT is reported 
as a dimer in teleosts (Pantelouris 1976). Since resolution 
was too poor to discern the individual bands in 
heterozygotes, the relative positions of the bands were 
scored. Samples were run at least twice to verify that 
positions remained constant. Bands which extended from upper 
and lower homoallelic positions were assumed to be 
heterozygotes. Patterns of variation did not differ 
significantly from expected Hardy-Weinberg proportions. 
Shaklee et al. (1984) found AAT-1 to be polymorphic in blue 
marlin, exhibiting three banded heterozygotes.
Calcium Binding Proteins (CBP nonspecific)
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CBPs have been reported as a monomer (Buth 1982). Four 
major protein zones were resolved consisting of one 
cathodally-migrating component, a slowly migrating anodal 
component, and two rapidly migrating anodal components.
Buth (1982) reported a slowly migrating anodal zone that was 
a product of the creatine kinase (CK) locus. In the present 
study, a control slice from each gel stained for CBP was 
specifically stained for CK and the results were consistent 
with this conclusion. The two anodally migrating bands are 
presumed to be under the control of independent loci and are 
given the designation CBP-1 and CBP-2 in order of decreasing 
anodal migration (Buth 1982). The cathodally migrating zone 
has not been identified and is tentatively numbered GP-1. No 
intraspecific variability was found for CBP or the general 
protein in any of the species examined.
Creatine Kinase (CK 2. 7. 3. 2)
Two zones of activity were resolved from muscle extracts in 
each billfish species surveyed. CK has been reported as a 
dimer in teleosts, but displaying a two banded phenotype in 
the heterozygous state (Ferris and Whitt 1978, Buth 1979).
CK was monomorphic in each billfish species, except for the 
Pacific sailfish, where a two banded heterozygote was
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resolved in the upper zone of activity. Since variation at 
this zone was independent of that in the other zone, both 
zones were interpreted as separate loci. In this study, the 
upper band is interpreted as the CK-A locus, while the least 
anodal band is interpreted as the CK-B locus. The existence 
of four gene loci has been described for CK in fishes. CK-A 
is most strongly expressed in muscle, CK-B in the brain or 
eye, CK-C in the stomach and CK-D in the testis (Ferris and 
Whitt 1978). Although under the control of several loci, no 
heterodimers were apparent in this study.
Dihydrolipoamide Dehydrogenase (DDH 1.8.1.4)
The subunit structure for DDH, formerly known as diaphorase 
(DIA), is uncertain, but may be a monomer or a dimer in 
scombrids (Muramatsu et al. 1978). Very clear, sharp bands 
were scored from liver extracts in all billfish species 
surveyed, but no variation was observed.
Enolase (ENO 4.2.1.11)
ENO has been reported as a dimer coded for by a single locus 
in fishes (Pietkiewicz et al. 1983). A single band in 
muscle tissue with a slow anodal migration was resolved in
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all four billfish species. No variation was observed and the 
locus was scored as monomorphic.
Esterase (EST 3.1.1.-)
Two zones of activity were resolved from muscle homogenates 
using alpha-naphyl acetate as a substrate. Esterases are 
encoded by multiple loci in fishes (Waples 1986), and are 
typically variable in many organisms (Skibinski and Ward
1982). In the billfish species studied, both esterase loci 
were invariant, with the exception of a blue marlin 
exhibiting a double banded phenotype in the upper band of 
activity. This double banded pattern is consistent with the 
reported monomeric structure of esterases in fishes (Leslie 
and Vrijenhoek 1977, Waples 1986).
Esterase D (ESTD 3.1.-.-)
EST-D migrated very anodally and was resolved via a 
fluorescent stain using 4-methylumbelliferyl acetate as a 
substrate. Bands comigrant with those reacting to a- 
naphthyl acetate as a substrate generally resolved via this 
substrate as well, however the esterase-D stain revealed an 
additional zone. EST-D was monomorphic in all species 
surveyed. Shaklee and Samollow (1984) reported variation in 
the EST-D (referred to as 'UMB') locus, with triple-banded
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heterozygotes. Other authors have reported a dimeric 
structure for EST-D in teleosts (Shaklee et al. 1983, 
Shaklee and Salini 1985, Waples 1986).
Formaldehyde Dehydrogenase (FDH 1.2.1.1)
FDH has been reported as a dimer (Manchenko 1988). FDH was 
polymorphic in the sailfish (the only species for which it 
was screened) with heterozygotes exhibiting clear three- 
banded phenotypes.
Fumarate Hydratase (FUM 4. 2. 1.2)
FUM has been reported as a tetramer (Murphy et al. 1990). 
This enzyme has not been extensively studied in teleosts, 
however Waples (1986) was able to reliably score a single 
locus from liver extracts of ten species of fish. A single 
locus from liver tissue was scored in this study and FUM 
appeared to be monomorphic for blue marlin, white marlin, 
and striped marlin. In sailfish, a five-banded heterozygote 
was resolved. Since malate dehydrogenase (MDH) may also 
resolve with this stain (Murphy et al. 1990), a control 
slice from the same gel was stained specifically for MDH.
Glucose-6-phosphate Isomerase (GPI 5.3.1.9)
GPI is reported as a dimer encoded by two loci in fishes (Mo 
et al. 1975, Shaklee 1984, Waples 1986). The Mendelian mode 
of inheritance of GPI variation in teleosts has been 
demonstrated by Dando (1974). GPI-A is strongly expressed 
in the liver and GPI-B is predominant in muscle (Dando 
1974). In this study, both loci could be clearly resolved 
from muscle tissue. GPI-A migrated anodally, while GPI-B 
migrated cathodally. A band resolved approximately midway 
between the electromorphs was assumed to be a heterodimer 
formed from subunits of the two loci. Three banded 
heterozygotes were resolved in the blue marlin.
Glucose Dehydrogenase (GCDH 1.1.1.118)
A single GDH locus was scored from liver tissue from each 
billfish species. GDH is reported as a dimer (Berg and Buth 
1984). GDH was polymorphic in the white marlin and 
monomorphic for all other species of billfish studied.
Glucose-6-phosphate dehydrogenase (1.1.1.49)
G6PDH is reported as a dimer (Brewer 1970). Two zones of 
activity were resolved in all billfish species surveyed. 
These bands had similar but distinguishable migration rates. 
In Jamaican blue marlin, G6PDH was variable and both bands 
reflected similar migration patterns, thus it is felt that
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both electromorphs were under the control of the same locus. 
However, presumed heterozygotes did not exhibit the expected 
three-banded phenotype. In addition, there was a highly 
significant deviation from Hardy-Weinberg equilibrium. Due 
to the fact that this locus could not be demonstrated to be 
Mendelianly inherited, a conservative approach was taken, 
and the locus was dropped from inter- and intra- specific 
analysis.
Glutamate Dehydrogenase (GTDH 1.4.1.2)
GTDH has been reported as a tetramer (Shaw and Prasad 1970). 
A single GTDH locus was resolved from liver extracts in the 
sailfish. No variants were detected.
Glyceraldehyde-Phosphate Dehydrogenase (GAPDH 1.2.1.12)
Two GAPDH loci were resolved from liver extracts in each of 
the billfish species. One presumptive gene product, GAPDH-
1, was highly anodal, while the second gene product, GAPDH-
2, migrated slowly. GAPDH has been reported as a tetramer 
in fishes (Waples 1986). A five banded heterozygote was 
resolved in the Atlantic blue marlin at the GAPDH-2 locus, 
consistent with the reported tetrameric structure. Both 
loci were monomorphic for all other species examined.
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Glycerol-3-Phosphate Dehydrogenase (G3PDH 1.1.1.8)
A single locus was resolved from muscle extract. G3PDH was 
polymorphic in the blue marlin, white marlin, and striped 
marlin. The genetic basis of inheritance of electrophoretic 
variation for G3PDH has been demonstrated in teleosts 
(Clayton et al. 1973). Two strong sub-bands were resolved 
anodal to the primary band in all species. Heterozygotes 
appeared as four-banded phenotypes, however, G3PDH has been 
reported as a dimer in fishes (Engel et al. 1971, Clayton et 
al. 1973, Kirpicnikov 1981) including blue marlin (Shaklee 
et al. 1983). Based on the literature, it is felt that this 
extra band was due to post translational modification.
L-Iditol Dehydrogenase (IDDH 1.1.1.14)
IDDH has been reported as a tetramer in blue marlin (Shaklee 
et al. 1983). Clear, five banded heterozygotes were 
resolved in blue marlin, striped marlin, and white marlin in 
this study. IDDH tended to be sensitive to the effects of 
repeated freeze-thaw cycles, as the quality of resolution 
decreased appreciably in older samples. Complete loss of 
activity was noted in some samples.
Isocitrate Dehydrogenase (IDH 1.1.1.42)
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IDH has been reported as a dimer in teleosts (Van Beneden et 
al. 1981, Murphy et al. 1990). Inheritance of observed 
electrophoretic variation of IDH isozymes has been 
demonstrated in teleosts (Van Beneden et al. 1981). Grant 
et al. (1983) reported the presence of two zones of IDH 
activity which they attributed to as the products of two 
loci. In the present study, a single locus was scored for 
IDH from muscle extracts. A second band of activity was 
observed in some samples, migrating further anodally, but 
resolution was too poor for it to be scored. IDH was 
monomorphic in all samples surveyed.
Lactate Dehydrogenase (LDH 1.1.1.27)
A good deal of study has been performed on the modes of 
inheritance, function, and structure of LDH in fishes 
(Shaklee et al. 1973, Markert et al. 1975, Graves and Somero 
1982, Powers 1990). Direct inheritance tests show that 
observed LDH variation has a genetic basis in teleosts 
(Whitt 1970, Place and Powers 1978). Three loci code for the 
tetrameric LDH in teleosts: LDH-A is strongly expressed in 
the muscle, LDH-B is found in the liver and LDH-C is found 
in eye tissue (Markert et al. 1975). Both the LDH-A and 
LDH-B forms were reliably scored from muscle extracts of the 
billfish, with the LDH-A form migrating anodally and the
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LDH-B form migrating cathodally. The formation of LDH-AB 
heterodimers were observed. In only the sailfish was a 
heterozygote found. The five banded pattern resolved 
coincided with the tetrameric structure reported.
Malate Dehydrogenase (MDH 1.1.1.37)
Two zones of activity were resolved from muscle homogenates 
for MDH. The most anodal zone of activity was interpreted as 
the cytoplasmic isozyme and the less anodally migrating zone 
was assumed to be the mitochondrial form (Grant et al. 1983, 
Shaklee and Keenan 1986). Both isozymes are reported to be 
dimeric (Bailey et al. 1970, Clayton et al. 1971, Grant et 
al. 1983). Waples (1986) reported the existence of a 
heterodimer, however this structure was not found in the 
present study. A triple banded heterozygote was found in 
the striped marlin, consistent with the reported dimeric 
structure of this enzyme. Inheritance of MDH polymorphism 
has been demonstrated in teleosts (Place and Powers 1978,
May et al. 1979).
Malic Enzyme (MEP 1.1.1.40)
The NADP dependent form of malate dehydrogenase is reported 
as a tetramer (Iniesta et al. 1985). Two presumptive loci 
were resolved for this protein. A third zone of activity
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was resolved in most species as well, but this was comigrant 
with MDH based on the results of a control slices. The most 
anodal migrating zone was polymorphic in the striped marlin 
and white marlin. Bands were usually too close together to 
enumerate individually in heterozygotes, thus heterozygotes 
were interpreted as zones of activity bridging the positions 
of the homozygotes.
Mannose-6-phosphate Isomerase (MPI 5. 3.1.8)
One zone of activity was resolved from liver extracts for 
MPI. Two banded heterozygotes were observed in striped 
marlin, consistent with the reported monomeric structure of 
MPI in fishes (Grant et al. 1983).
a-Mannosidase (a-MAN 3.2.1.24)
a-MAN was resolved via a fluorescent stain. This enzyme is 
reported as a monomer or a dimer (Murphy et al. 1990). For 
white marlin and sailfish, no polymorphism was observed. In 
blue marlin, some slight variation in mobility was noted, 
however, it was felt that this variation may have been due 
to non-genetic factors such as the lipid content of the 
liver extracts. These species were conservatively scored as 
monomorphic.
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Peptidase (PEP 3.4.-.-)
The family of peptidases are coded for by multiple loci in 
fish (Frick 1984, Waples 1986). In this study, five 
substrates were used to resolve five loci in all billfish 
species surveyed. The fastest migrating locus was specific 
for Leu-Pro as a substrate. The substrate Ala-Met resolved 
a loci of next fastest mobility. Gly-Leu resolved a locus 
of intermediate mobility. Leu-Gly-Gly resolved a single 
loci, less in mobility to that of Gly-Leu. Finally, Leu-Tyr 
resolved a locus of slowest mobility. All peptidases were 
monomorphic. Each of these peptidases was resolved on the 
same LIOH gel so that mobility comparisons could be made.
Phosphoglucomutase (PGM 5.4. 2.2)
One zone of activity, migrating very close to the origin, 
was resolved from muscle extracts for PGM (TO II buffer). 
Direct inheritance tests have shown that PGM polymorphisms 
have a genetic basis in teleosts (Place and Powers 1978). 
Double-banded heterozygotes found in blue marlin, striped 
marlin, and white marlin are consistent with the reported 
monomorphic structure of PGM in teleosts (Grant et al.
1983) .
Phosphogluconate Dehydrogenase (PGDH 1.1.1.44)
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PGDH has been shown to be a dimer encoded by one locus in 
teleosts (Kirpichnikov 1981, Waples 1986). Inheritance 
studies have demonstrated that PGDH polymorphism has a 
genetic basis in teleosts (Place and Powers 1978). PGDH was 
scored from the muscle tissue in all species and exhibited
variation in the blue marlin, striped marlin and white
marlin. Heterozygotes displayed a three-banded pattern 
consistent with a dimeric subunit structure.
Phosphoglycerate Kinase (PGK 2.7.2. 3)
PGK was resolved via a fluorescent stain and has been 
reported as a monomer (Murphy et al. 1990). One zone of
activity migrating very close to the origin was resolved
from muscle extracts in all billfish species surveyed. No 
heterozygotes were observed.
Shikimate Dehydrogenase (SKDH 1.1.1.25)
SKDH was resolved from liver extracts of sailfish. No 
variation was apparent. The subunit structure of SKDH is 
uncertain.
Superoxide Dismutase (SOD 1.15.1.1)
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SOD was resolved from liver extracts in all billfish species 
and showed up as a negative stain against a dark background. 
A single zone of anodal activity was seen in all samples, 
however, no heterozygotes were observed. A second, less 
intense, zone of activity was observed just anodal to the 
first zone, but was not scored because of uncertainty 
regarding its genetic basis. The more intense staining band 
of activity was assumed to be the cytostolic form of SOD, 
while the less intensely staining form may have been a 
mitochondrial form. The cytostallic SOD is reported to be 
dimeric in teleosts (Aksnes et al. 1981, Fairbairn 1981).
Xanthine Dehydrogenase (XDH 1.1.1.204)
A single, anodally migrating XDH locus was scored from all 
species. No heterozygotes were detected in any of the 
samples. XDH is reported to be either a monomer or a dimer 
(Murphy et al. 1990).
Striped Marlin
Overall electrophoretic variation in striped marlin was 
low (H=0.040). Variation was resolved in 12 loci (Table 3). 
The average heterozygosity across all 44 loci at each sample 
site, and heterozygosity values for each variable locus at 
each sample site are presented in Table 4. The percent 
polymorphic loci (0.99 criterion) was 11.36 for the
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Australia sample, 18.18 for the Ecuador sample, 13.64 for 
the Hawaiian sample, and 22.73 for the Mexico sample. Chi- 
square tests for goodness of fit revealed no significant 
deviations from Hardy-Weinberg equilibrium.
Statistical analysis showed significant genetic 
differentiation in allele frequencies among samples for AAT- 
1 (G=31.04 9, df 6, P<0.05) and MEP-1 (G=10.099, df 3, 
P<0.05), but not for G3PDH and PGDH. The remaining variable 
loci were not tested due to the small number of expected 
classes. Wright's Fsl for each variable locus is presented 
in Table 4, with mean Fsl of 0.018, indicating a slight 
degree of structure. A matrix of Nei's genetic identity and 
distance coefficients among locations is presented in Table 
5. The average frequency of private alleles (p) across all 
sample sites was 0.047 and Nm was estimated at 68.8 migrants 
per generation (Slatkin 1985 method, using a correction for 
sample size) . Nm was calculated at 13.63 using Fst as an 
estimator of gene flow.
TABLE 3. Allele frequencies for 12 variable loci in striped marlin, 
Tetrapturus audax from four sites in the Pacific Ocean.
Locus Allele
Australia
Frequency 
Ecuador Hawaii Mexico
AAT-1 111 0. 145 0. 389 0. 167 0. 183
100 0.745 0.556 0. 614 0.610
83 0. 109 0.056 0.219 0.207
ACOH 100 0. 991 0.989 0.993 0.988
93 0 . 009 0.011 0.007 0.012
ADH -110 0 . 000 0.011 0.015 0.000
-100 1. 000 0 . 989 0. 985 0.975
- 80 0 . 000 0.000 0 . 000 0.025
ADA 107 0. 009 0. 000 0.007 0.012
100 0. 985 1.000 0.993 0.988
88 0. 009 0.000 0.000 0.000
EST-2 110 0. 000 0. 000 0 . 007 0.000
100 1.000 1.000 0. 993 1.000
FUM 161 0. 009 0.000 0.000 0.012
100 0. 991 1.000 1. 000 0. 988
G3PDH 184 0.082 0. 116 0. 140 0. 105
100 0.918 0. 884 0.853 0.895
46 0 . 000 0.000 0.007 0.000
GPI-2 -100 1. 000 1. 000 1 . 000 0.976
-120 0. 000 0.000 0.000 0.024
IDDH 100 0 . 991 0.988 0. 985 0.988
50 0. 009 0.013 0.015 0.012
MDH-1 115 0. 000 0.011 0.000 0.000
100 1.000 0. 989 1.000 1.000
MEP-1 100 0.882 0 .739 0.775 0.720
90 0 .118 0.261 0. 225 0.280
PGDH 110 0 . 000 0. 012 0 . 000 0.000
100 0 .454 0. 512 0. 464 0.537
75 0.546 0 .477 0 . 536 0.463
TABLE 4. Per locus heterozygosity and Fsl values for 
striped marlin, Tetrapturus audax, from four sites in the 
Pacific Ocean.
Locus
Australia
Heterozygosity 
Ecuador Hawaii Mexico FC St
AAT-1 0 .415 0 . 543 0. 552 0 . 559 0.036
ACOH 0 .019 0.023 0.014 0 . 024 0.000
ADH 0 . 000 0. 022 0.030 0.049 0. 010
ADA 0.036 0 . 000 0. 014 0.024 0.004
EST-2 0 . 000 0 . 000 0 .014 0.000 0.005
FUM 0 . 018 0. 000 0 . 000 0. 024 0.006
G3PDH 0 . 152 0. 208 0.255 0.191 0.005
GPI-2 0 . 000 0.000 0.000 0.048 0.018
IDDH 0 .018 0 . 025 0.031 0.024 0.000
MDH- 1 0.000 0. 022 0.000 0.000 0.008
MEP-1 0.210 0.391 0.351 0. 409 0.023
PGDH 0 . 500 0.517 0 . 501 0 . 503 0. 005
MEAN 0. 031 0 . 040 0 . 040 0 . 042 0.018
TABLE 5. Matrix of Nei's (1972) genetic distance (below 
diagonal) for striped marlin, Tetrapturus audax
Population AUSTRALIA ECUADOR HAWAII
AUSTRALIA *****
ECUADOR 0.002 *****
HAWAII 0.001 0.001 *****
MEXICO 0.001 0.001 0.000
MEXICO
*  * *  *  *
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Blue Marlin
A total of 54 blue marlin was collected from Hawaii and 
53 blue marlin were collected from Puerto Rico and Jamaica. 
Forty-four and 43 presumptive loci encoding 33 different 
enzymes were surveyed in Pacific samples (Hawaii) and 
Atlantic samples (Puerto Rico and Jamaica), respectively. 
Nine loci exhibited genetic variation (Table 6). 
Heterozygosity values for the individual polymorphic loci 
are presented in Table 7. The percent of polymorphic loci 
was estimated at 9.30 and 11.36 (0.99 criterion) for the 
Atlantic and Pacific samples, respectively.
Where possible, the observed genotype distributions were 
tested for goodness-of-fit to Hardy-Weinberg equilibrium 
expectations. LDH-2, IDH and PGDH were not tested because 
of the very small number of variants observed. All tests 
showed nonsignificant deviations from Hardy-Weinberg 
predictions except ADH (x2 =4.04, df=l, P<0.05), which 
showed a deficiency of heterozygotes. Variation was evident 
at the AAT-1 locus for both Atlantic and Pacific samples, 
however the locus could only be reliably scored in the 
Pacific samples and was not used for between sample 
comparisons. It was included to compute levels of variation 
within Pacific blue marlin.
Statistical analysis provide evidence of significant 
genetic differentiation between Atlantic and Pacific blue 
marlin at the ACOH (G=17.585, df 1, P<0.05), ADH (G=5.514,
TABLE 6. Allele frequencies for 10 variable loci in blue
marlin Makaira nigricans from the Pacific and Atlantic
Oceans.
Locus Allele Frequency-
Pacific
Frequency- 
Atlantic
AAT-1 130 0.250 _
100 0.521 -
40 0 .229 -
ACOH 100 1. 000 0.887
88 0. 000 0.113
ADH -200 0. 412 0.151
-100 0. 588 0.849
ADA 100 1. 000 0.972
85 0. 000 0.028
G3PDH 100 0.615 0.774
71 0. 375 0.208
35 0.010 0.019
IDH 100 0.990 1.000
72 0. 100 0.000
IDDH 100 0. 860 0.860
25 0. 140 0. 140
LDH-2 120 0. 000 0. 009
100 1. 000 0.991
PGDH 100 0. 991 1.000
60 0. 009 0. 000
TABLE 7. Per locus heterozygosity (unbiased estimate) 
and Fsl values for blue marlin Makaira nigricans 
from the Pacific and Atlantic Oceans.
Locus
Pacif ic
Heterozygosity
Atlantic
AAT-1 0. 620 - —
ACOH 0 . 000 0.259 0.060
ADH 0. 489 0.259 0.084
ADA 0. 000 0.056 0.014
G3PDH 0.485 0. 362 0.031
IDH 0. 020 0.000 0.005
IDDH 0.243 0.243 0.000
LDH-2 0 . 000 0.019 0.005
PGDH 0 .019 0 . 000 0. 005
MEAN
w/AAT 0 . 043 -
MEAN 
w/o AAT 0.027 0.030 0.044
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df 1, P<0.05), G3PDH (G=7.021, df 1, P<0.05)/ and IDDH
(G=8.290, df 1, P<0.05) loci. The remaining variable loci 
were not tested due to low expected allele classes. The 
average Fsl across all variable loci was 0.044, indicating 
some population subdivision (Table 7). Nei's genetic 
distance between Atlantic and Pacific populations was 0.003. 
The average frequency of private alleles across both 
populations (p) was 0.074. Nm was calculated as 2.91 using 
Slatkin's method (1985) . Using Fst, Nm was calculated as 
5.43 migrants per generation.
Sailfish
Forty-six presumptive loci encoding 37 enzyme systems 
were surveyed in a total of 28 Atlantic and 38 Pacific 
sailfish. Loci exhibiting detectable variation are 
presented in Table 8. Sailfish exhibited the lowest 
heterozygosity of any of the billfish surveyed (Table 9).
The percentage of polymorphic loci was 6.52 (0.99
criterion).
Due to the low number of expected genotypes in most of 
the variable loci, chi square tests for conformance to 
Hardy-Weinberg equilibrium could only be performed on the 
ADA locus in the Atlantic and Pacific samples. Both tests 
were nonsignificant (x2 =0.084, df=l, P>0.05 for the 
Atlantic sample and x2=0-004/ df=3, P>0.05 for the Pacific 
sample).
TABLE 8. Allele frequencies for 8 variable loci in sailfish
Istiophorus platypterus from the Pacific and Atlantic
Oceans.
Locus Allele Frequency 
Pacif ic
Frequency 
Atlantic
ADH -100 1. 000 0. 926
-50 0. 000 0. 074
ADA 110 0.081 0.000
100 0. 892 0. 852
85 0. 027 0.148
EST-D 112 0.000 0. 056
100 1. 000 0 . 944
FDH 180 0.023 0. 019
100 0.977 0. 981
FUM 100 1. 000 0.981
65 0. 000 0.019
IDDH 185 0.000 0. 019
100 1. 000 0. 981
LDH-1 116 0. 000 0. 037
100 1. 000 0.963
TABLE 9. Per locus heterozygosity (unbiased estimate) 
and Fst values for sailfish, Istiophorus platypterus, 
from the Pacific and Atlantic Oceans.
Locus
Pacific
Heterozygosity
Atlantic
FC St
ADH 0.000 0.140 0.038
ADA 0.200 0.257 0.025
CK-A 0.027 0.000 0.007
EST-D 0.000 0.107 0.029
FDH 0.045 0.037 0.000
FUM 0.000 0.037 0.009
IDDH 0.000 0.037 0.009
LDH-1 0.000 0.073 0.019
MEAN 0.006 0.015 0.023
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Statistical analysis provided evidence of genetic 
differentiation between Atlantic and Pacific sailfish at the 
ADH (G=6.952, df 1, P<0.05) and ADA (G=12.607, df 2, P<0.05) 
loci. The remaining variable loci were not tested due to 
the low number of expected allele classes. Average Fst 
across all loci was 0.023, indicating a modest degree of 
population subdivision. Nei's genetic distance between 
Atlantic and Pacific populations was calculated as 0.0004. 
The average frequency of private alleles across both 
populations was 0.047. Nm was calculated as 4.20, using a 
correction for sample size as described below (Slatkin 1985 
method) and 10.61 using Fst.
White Marlin
Forty-four presumptive loci encoding 33 different enzyme 
systems were surveyed in a total of 21 white marlin. Nine 
loci exhibited variation (Table 10). Average heterozygosity 
across all loci was 0.039. The percentage of polymorphic 
loci was 20.42 (0.99 criterion). Due to the low number of
individuals used for this species, only AAT-1 could reliably 
be tested for conformance to Hardy-Weinberg expectations.
It exhibited a nonsignificant deviation from the expected 
proportions.
Interspecific Differentiation
A total of 36 protein encoding loci was resolved in all
TABLE 10. Allele frequencies for 9 variable loci in
white marlin, Tetrapturus albidus, in the Atlantic
Ocean.
Locus Allele Frequency
AAT-1 207 0. 450
100 0. 550
ADA 100 0. 947
88 0 . 053
G3PDH 100 0.921
57 0.079
GCDH 100 0. 875
83 0. 125
IDDH 140 0.025
100 0.975
MEP-1 100 0. 875
87 0. 125
MPI 100 0 .925
90 0 . 075
PGDH 100 0 . 875
80 0.125
PGM 144 0 .053
100 0. 947
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7 species of billfish (Table 2) to determine the level of 
interspecific differentiation. A matrix of Nei's genetic 
distance is presented in Table 11.
The present study compared both within genera and 
between genera distances. The ranges are presented rather 
than the standard errors here based on the suggestion of 
Avise (1978) that standard errors are not independent of 
each other in a matrix and thus are not compatible in a 
statistical comparison. Avise and Aquadro (1982), in a 
comparison of genetic distances separating vertebrates of 
different taxa used ranges instead of standard errors on the 
premise that the former was more biologically meaningful in 
comparing patterns across vertebrate groups. Distance values 
between the species were generally low (average Nei's 
genetic distance among all samples was D=0.206) and ranged 
from D=0.02 8 (between longbill spearfish, Tetrapturus 
pflueaeri, and shortbill spearfish, T\_ anaustirostris) to 
D=0.377 (between blue marlin, Makaira nigricans, and black 
marlin, M. indica). Within the genus Tetrapturus. the 
average genetic distance separating species was D=0.087, 
ranging from 0.028 (between longbill spearfish and shortbill 
spearfish) to 0.152 (between striped marlin and longbill 
spearfish, and between striped marlin and shortbill 
spearfish) based on 6 pairwise comparisons. Within the genus 
Makaira, the average genetic distance was D=0.377 based on 1 
pairwise comparison. The average genetic distance between
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species of different genera was D=0.224 based on 14 pairwise 
comparisons with, a range of D=0.331 (between striped marlin 
and blue marlin) to 0.140 (between sailfish and blue 
marlin). An UPGMA cluster based on Nei's genetic distance 
values is presented in Figure 7.
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DISCUSSION
Intraspecific Variation
Billfish exhibited low levels of intraspecific variation 
as indicated by average heterozygosity values in striped 
marlin (H=0.038), blue marlin (HPac=0.043, HAll=0.027), white
marlin (H=0.039) and sailfish (HP;k.= 0 . 006 , HAll=0.015). These 
values were smaller than the mean average heterozygosity for 
51 species of fish (H=0.051 ±0.034) calculated by Nevo 
(1978) and were close to the mean average value for 81 
species of fish (H=0.0478 ±0.033) reported by Winans (1980). 
Low levels of variability have been reported for a variety 
of marine vertebrates including skipjack tuna ("5=0.032, 
Fujino et al. 1981), carcharhinid sharks (H=0.034, Lavery 
and Shaklee 1989), bonefish (H=0.005, Shaklee and Tamaru
1981), and striped dolphin (H=0.021 ±0.008 Wada 1983). Why 
large pelagic fishes, and large vertebrates in general, have 
low levels of heterozygosity is not known, but is still the 
subject of much debate (Selander and Kaufman 1973, Ayala and 
Valentine 1979, Wooten and Smith 1984).
Allozyme analysis of Pacific blue marlin conducted by 
Shaklee et al. 1983 revealed larger values of intraspecific 
variation (H=0.061, Pu99=25.2) than the present study. Loci 
exhibiting high heterozygosities (AAT-1, ADH, G3PDH, and
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IDDH) reported by Shaklee et al. (1983) displayed similar 
heterozygosities in the present study. Shaklee et al.
(1983) reported low level variation at the ADA, GPI, MPI, 
and EST-D (UMB) loci, while in the present study variation 
was not resolved at these loci in Pacific samples (a single 
heterozygote at the ADA locus was resolved in the Atlantic 
samples). This result is not surprising since Shaklee et al. 
analyzed 95 Pacific individuals (close to twice the Pacific 
sample size in the present study), increasing the 
probability of detecting rare alleles.
In this study a significant deficiency of heterozygotes 
was noted at the ADH locus in Pacific blue marlin. Shaklee 
et al. (1983) also reported a significant deficiency of 
heterozygotes at the ADH locus for fish collected at the 
same locale. That this deficiency of heterozygotes was 
apparent in two independent data sets collected during the 
same month, but over ten years apart, implies that the 
result is probably not anomalous.
Shaklee et al. (1983) found no significant correlation 
between ADH heterozygote deficiency and sex linkage or gross 
age differences, and suggested that the deficiency of 
heterozygotes could be due to the mixing of two or more 
genetic stocks with different frequencies for ADH alleles 
(Wahlund effect). It is conceivable that two or more 
sympatric populations of blue marlin may inhabit Hawaiian 
waters, at least during summer months, and have similar
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allele frequencies for polymorphic loci other than ADH. 
However, if the allozymes surveyed are selectively neutral 
and allele frequencies are controlled by genetic drift, it 
is interesting that a random process (drift) would cause 
divergence at only one of 5 polymorphic loci.
Alternatively, selection might maintain allelic 
polymorphism, as has been inferred for the American oyster, 
Crassostrea virginica (Karl and Avise 1992) . If selective 
factors (disruptive selection, underdominance) are 
responsible for the observed ADH heterozygote deficiency in 
Pacific blue marlin, then populations in similar 
environmental regimes might be expected to show a similar 
deficiency of heterozygotes. Atlantic samples of blue 
marlin from Puerto Rico and Jamaica (pooled and individual 
comparisons) show no significant heterozygote deficiency yet 
inhabit what appear to be similar environmental conditions 
as Pacific blue marlin, although subtle differences may 
exist. In addition, underdominance (selection against 
heterozygotes) is an unstable polymorphism and thus unlikely 
to persist in natural populations.
Shaklee et al. (1983) suggested sampling continuously in 
the Hawaiian Islands throughout the year to look for 
significant allele frequency shifts, which might indicate 
different populations migrating past the Hawaiian Islands at 
different times of the year. Additionally, higher 
resolution techniques, such as restriction fragment length
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polymorphism (RFLP) analysis of mitochondrial DNA (mtDNA), 
might be utilized to determine if sympatric populations of 
blue marlin exist in Hawaiian waters.
Sailfish exhibited the lowest average heterozygosity and 
percentage of polymorphic loci of the billfish species 
studied. Pacific sailfish exhibited an average 
heterozygosity almost an order of magnitude lower than that 
of the other billfish species. In a RFLP analysis of mtDNA, 
Graves and McDowell (unpublished manuscript) also reported 
low variation within Pacific sailfish, with every individual 
(N=20) analyzed exhibiting the same mtDNA genotype. The low 
levels of molecular variation within sailfish may be 
attributed to historical events such as population 
bottlenecks or alternatively, to a small effective 
population size in relation to the other billfish species.
To address these issues, further information on historical 
and present population sizes needs to be collected.
While the average heterozygosity levels for billfish are 
slightly lower than the mean for fishes, they do present 
sufficient variation to test for genetic heterogeneity 
within a population. Similar allozyme studies have shown 
population structure in marine fishes despite low molecular 
variation (Shaklee and Salini 1985).
Population Structure
Population structure is a relative concept and measures
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of population subdivision should be assessed in relation to 
an organisms' life history. For example, marine fishes 
generally exhibit low levels of population subdivision, 
partly because the oceanic realm is somewhat devoid of 
geographic barriers which might block gene flow. In 
addition, highly vagile fish, such as billfishes, might 
exhibit smaller levels of population subdivision because of 
their high mobility or capacity for larval dispersal. Thus 
to fully appreciate the level of population subdivision 
present in billfish, a comparison between the amount of 
genetic differentiation within a species inhabiting one 
ocean basin (striped marlin) and the amount of genetic 
differentiation present among interocean conspecifics (blue 
marlin and sailfish) was determined.
Two measures of genetic differentiation were used in the 
present study, Nei's (1972) genetic distance (D) and 
Wright's Fsl (1978). Measures of Nei's genetic distance were 
low within each billfish species. The possibility exists 
that these results are due to sampling error rather than to 
actual genetic heterogeneity, should be considered. Low 
genetic distance values may be a product of the lack of 
variation seen at most loci. Shaklee et al. (1982) noted 
that fixed differences make a larger contribution to the 
estimate of Nei's genetic distance than does intralocus 
variation. Waples (1987) cautioned against the use of Nei's 
D when average heterozygosity is low and noted that Wright's
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Fst is less affected by the absolute level of variability 
present. Because low variability was observed for 
billfish, Wright's Fsl was used in this study to provide a 
more reliable measure of subdivision within each billfish 
species.
Slight population structure was detected within striped 
marlin in the Pacific Ocean Basin. Wright's Fst over all 4 
sample sites was 0.018 suggesting genetic differentiation is 
present. Wright (1978) indicated that Fsl values in the 
range of 0.00 to 0.05 generally represented a slight degree 
of genetic differentiation, but cautioned against strict 
interpretation, noting that a value of 0.05 or less could 
indicate a significant degree of genetic differentiation 
depending on an organisms life history. Given the striped 
marlin's high dispersal capabilities and slightly higher Fst 
values between interocean billfish conspecif ics, an Fst of 
0.018 for striped marlin probably indicates restricted gene 
flow within the Pacific Ocean.
The results of this study are interesting because 
genetic homogeneity has been reported for several Pacific 
fish species with high dispersal capabilities. Yellowfin 
tuna, Thunnus albacares. are wide ranging fishes, like 
marlin, yet exhibit low levels of genetic differentiation in 
the Pacific Ocean (Scoles and Graves, unpublished 
manuscript). Similarly, Shaklee and Samollow (1984) 
reported little subpopulation differentiation for deepwater
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snapper, Pristipomoides filamentosus, throughout the 
Hawaiian Archipelago (Fsl=0.005). Although P_j_ filamentosus 
is a strictly demersal fish, and adults probably do not 
migrate through open ocean waters, the larval stage is 
pelagic and may act as the dispersal phase. Lavery and 
Shaklee (1989) reported Fsl values of 0.0094 and 0.0076 for 
two species of tropical sharks, Carcharhinus tilstoni and C. 
sorrah, respectively, also indicating low levels of 
population subdivision. Genetic homogeneity among these 
sharks is not surprising; tagging studies indicate 
individuals may transit up to 1000 km promoting gene flow as 
evidenced by the very low average Fsl values (Lavery and 
Shaklee 1989).
Because of limited dispersal capability, shorefish 
species generally might be expected to exhibit greater 
levels of intraspecific genetic differentiation than striped 
marlin, and several studies of Pacific shorefish species 
have reported population structure (Bell et al. 1982; Winans 
1980; Ehlrich 1975). However, the degree of genetic 
differentiation in striped marlin, as evidenced by average 
Fst values, was greater than that found in many species of 
shorefish. Shaklee (1984) reported very little genetic 
heterogeneity (Fst=0.003) for the damselfish, Steqastes 
fasciolatus. even between localities separated up to 3000 
km, despite short-lived pelagic larvae, small size, 
demersally attached eggs, and other life history traits
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thought to promote intraspecific differentiation. In a 
population study of 10 Pacific shorefish species found along 
the California coast, only three species (Alloclinus 
holderi, Clinocottus anal is, and Embiotoca i acksoni) had 
higher reported average Fsl values than found in striped 
marlin (Waples 1987). High degrees of genetic 
differentiation may occur within these three species because 
of their limited dispersal capabilities. Alloclinus and 
Clinocottus are both intertidal fish and may not transit 
great distances. Embiotoca is viviparous, and thus there is 
no dispersal through larval drift. Samples of these 
shorefish were collected at four sites throughout a 
considerable portion of each species range. Likewise, the 
sampling sites for striped marlin represent a considerable 
portion of its range. Because striped marlin had a higher 
degree of genetic differentiation than at least some species 
of shorefish suggests that population subdivision exists 
within this billfish species.
The occurrence of population structure within striped 
marlin is supported by results obtained in a parallel mtDNA 
analysis. Graves and McDowell (unpublished manuscript) 
analyzed striped marlin taken at the same sampling sites 
utilized in this study and their findings demonstrated 
significant population structure within striped marlin. The 
use of RFLP analysis of mtDNA often provides higher 
resolution of population structure for continuously
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distributed species than allozyme analysis (Saunders et al. 
1986, Reeb and Avise 1990).
Since few allozyme studies of population structure 
exist for pelagic fishes (and only one for billfishes), an 
interocean comparison of blue marlin and sailfish was 
conducted as an internal reference to assess the striped 
marlin results. Both blue marlin and sailfish exhibited 
greater genetic differentiation between Atlantic and Pacific 
Ocean populations (Fsl=0.044 and 0.023 respectively) than 
among striped marlin within the Pacific Ocean (Fs[=0.018), 
yet the degree of population structure within striped marlin 
relative to that of blue marlin and sailfish is not trivial. 
The Fst value for striped marlin is nearly half that of blue 
marlin and close to that of sailfish, despite that fact that 
striped marlin samples were taken from much less 
geographically separated sites.
It might seem intuitive that Atlantic and Pacific 
samples of billfish would exhibit genetic differentiation. 
Studies of conspecific and geminate pairs of shorefish from 
the Atlantic and Pacific show high degrees of genetic 
differentiation (Vawter et al. 1980). However, this pattern 
is not universal. Kavanagh (1992) found little genetic 
differentiation between Atlantic and Pacific populations of 
black triggerfish, Melichthvs nioer. Among wide ranging 
pelagic fishes, genetic homogeneity between Atlantic and 
Pacific populations has been found in a number of species.
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Allozyme, immunogenetic and mtDNA studies of skipjack and 
yellowfin tuna have shown high genetic identity between fish 
from the Atlantic and Pacific (Fujino and Kang 1968, Fujino 
1970, Sharp and Pirages 1978, Graves et al. 1984, Scoles 
unpublished data). Skipjack and yellowfin tuna are highly 
pelagic and, like marlin, are capable of long range 
movements (Sund et al. 1981). Another pelagic fish, the 
dolphin fish, Corvohaena hippurus, exhibited no significant 
genetic differentiation between ocean basins (Nei's D<0.01, 
Rosenblatt and Waples 1986).
Why do Atlantic and Pacific skipjack tuna, yellowfin 
tuna, and dolphinfish exhibit negligible levels of genetic 
differentiation, while the blue marlin and sailfish show a 
modest degree of population structure? One explanation may 
come from differences in schooling behavior in tunas and 
dolphinfish relative to that in billfishes. Graves et al.
(1984) suggested that large schools of skipjack tuna 
migrating around the Cape of Good Hope would provide the 
gene flow necessary to prevent genetic differentiation.
Like skipjack tuna, yellowfin tuna and dolphinfish also move 
in large schools and may utilize a similar migration route. 
Blue marlin and sailfish from the Pacific may migrate via 
this route as well; however, neither species is known to 
school in large numbers and gene flow may be reduced in 
comparison to tuna. Further, the effective population size 
(Ne) of blue marlin and sailfish is probably smaller than
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that of tunas. Wright (193 1) reasoned that because the rate 
of genetic divergence results from the opposing forces of 
drift and migration, small populations (which are diverging 
rapidly through drift) need proportionately more migrants to 
counteract the effects of genetic drift.
Genetic differentiation may arise between Pacific and 
Atlantic blue marlin and sailfish by the exchange of only a 
few migrants at one time, isolation by distance, or the 
result of a historical vicariant event. Wright (1931) noted 
that gene flow must exceed a critical level to prevent 
genetic differentiation due to genetic drift. In a computer 
simulation, Allendorf and Phelps (1981) have shown that the 
amount of genetic divergence between two populations is a 
function of the absolute number of migrants exchanged and 
demonstrated that significant genetic differentiation could 
still occur with an exchange of 50 migrant individuals per 
generation among 20 subpopulations (Ne of 200 each). Thus 
Atlantic and Pacific populations may be distinct groups that 
exchange few migrant individuals at any one time. In this 
study, Nm was estimated at <10 migrants per generation for 
blue marlin and sailfish using the method of Slatkin (1985) 
and from mean Fsl values. It may be that the homogenizing 
effects of gene flow between Pacific and Atlantic 
populations of blue marlin and sailfish are not sufficient 
to completely overcome the effects of genetic drift.
Indeed, sufficient migration may take place that these
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populations never become completely isolated.
Alternatively, if blue marlin and sailfish are 
continuously distributed between Hawaii and Puerto Rico, 
genetic heterogeneity may still occur through isolation by 
distance. Richardson et al. (1986) noted that if the 
distance between different parts of a continuously 
distributed population is much greater than the movement of 
an individual, then a species may consist of a series of 
semi-isolated genetic neighborhoods. If the isolation by 
distance model is applicable to blue marlin and sailfish, 
samples taken from intermediate stations throughout the 
species' range should show intermediate frequencies for 
alleles at polymorphic loci. A suggestion for future 
studies would be to sample from sites in the Indian and east 
Atlantic Oceans and look for longitudinal clines in allele 
frequency.
The differences of allele frequencies between Atlantic 
and Pacific blue marlin and sailfish populations may also be 
the result of a historical vicariant event. Since blue 
marlin and sailfish are tropical in distribution, 
compression of tropic zones during glaciation events may 
have isolated populations. Subsequent secondary contact may 
have occurred when migration routes were reopened during 
interglacial periods and, genetic heterogeneity may be 
evident because allele frequencies have not yet obtained 
equilibria.
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Interspecific Differentiation
Billfish have historically been classified on the basis 
of morphological characters (Ueyanagi 1963, Ueyanagi and 
Watanabe 1965), but discrimination of closely related 
species (such as those within Tetrapturus) has been 
problematic (Nakamura et al. 1968). More recently, protein 
isoelectric focusing (IEF) was used to distinguish different 
species of billfish with limited success (Yamada and Suzuki
1982). Hartmann and Waldner (1989) were able to distinguish 
North Atlantic sailfish, blue marlin and white marlin on the 
basis of a few fixed electrophoretic band differences, but 
were not able to quantify the degree of interspecific 
genetic differentiation. Similarly, Yamada and Suzuki
(1982) were not able to distinguish different species in the 
genus Tetrapturus.
Shaklee and Keenan (1986) suggested that although 
billfish species are very closely related, allozyme analysis 
could be used to differentiate species. They briefly 
provided evidence that fixed allelic differences in four 
enzyme systems could distinguish 6 species of billfish and 
suggested better results might be obtained by increasing the 
number of loci surveyed and using additional buffer systems. 
The present study is the first to use a large number of loci 
to quantify the level of genetic differentiation among 
billfish species.
Nei's genetic distance among billfish species was
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generally smaller than values among other vertebrate 
congeners. Avise and Aquadro (1982) reported a mean Nei's 
genetic distance of 0.36 between congeneric teleosts based 
on 1167 pairwise comparisons. All pairwise comparisons of 
billfish species (both intrageneric and intergeneric) were 
below this value with the exception of blue and black marlin 
(D=0.377). This result is interesting since blue and black 
marlin have historically been assumed to be closely related 
(Nakamura 1983) and both have been classified to the genus 
Makaira. For comparison, the average distance among species 
of the genus Tetrapturus was D=0.087. The genetic distance 
between blue and black marlin was higher than the average 
genetic distance among billfish species of different genera 
(0=0.224), and raises the question of whether the black 
marlin and blue marlin share a recent common ancestor.
A phenogram (UPGMA clustering) of Nei's genetic distance 
tightly groups the genus Tetrapturus, but does not do so for 
the blue and black marlin (Figure 7). Since the phenogram is 
composed of Nei's genetic distance measures (which is a 
summary statistic), there is considerable loss of genetic 
information. Consequently, it is not very informative in 
terms of evolutionary history and none is implied here.
At the onset of the present study, the swordfish, 
Xiphius gladius, was selected as an outgroup for the 
phenetic analysis of the istiophorids. Swordfish are the 
sole representatives of the family Xiphiidae and have been
82
assumed to comprise a sister taxa to the istiophorids 
(Collette et al. 1984, Johnson 1986). However, Nakamura
(1983) considered Xiphiidae to be less closely related to 
Istiophoridae, and postulated that many of the morphological 
features common to the two families are due to convergent 
evolution. Swordfish shared only one common allele with the 
rest of the billfish, and consequently swordfish did not 
make an appropriate outgroup for demonstrating character 
polarity among the other billfish species. It therefore was 
dropped from the study. The lack of shared allozyme 
characters also seems to indicate that time of divergence 
between Xiphiidae and Istiophoridae may have occurred 
outside the range whereby allozyme data is informative (this 
technique is useful for analyzing species which have 
diverged within the last 50 million years, Hillis and Moritz 
1990) or that swordfish may not be as closely related to the 
istiophorids as has been assumed. Certainly, further study 
of this question is warranted.
CONCLUSION
Despite the economic importance of billfishes, little 
information is available on their population structure. Data 
from longline CPUE records provide some evidence of 
population structure within striped marlin, blue marlin, and 
sailfish, however this data is far from conclusive. Protein 
electrophoresis provides a relatively inexpensive and rapid 
technique to test for the existence of population structure 
and may be less ambiguous than CPUE data. This study 
analyzed data from up to 46 protein encoding loci to test 
for genetic heterogeneity within striped marlin, blue marlin 
and sailfish which indicates population structure.
Heterozygosity was low in each of the billfish species 
studied, however sufficient variation was present to test 
for genetic heterogeneity among sample sites. Sailfish had 
the lowest amount of observed variation, with Pacific 
sailfish exhibiting an average heterozygosity almost an 
order of magnitude lower than that of striped marlin, blue 
marlin, and white marlin. Every polymorphic locus within 
each billfish sample site was tested for conformance to 
Hardy-Weinberg expectations. Pacific blue marlin exhibited 
a significant deficiency of heterozygotes at the ADH locus, 
a phenomenon which may indicate, among other things, the
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presence of two or more sympatric populations inhabiting the 
Hawaiian waters.
While Nei's genetic distance between individual sample 
sites was very low, possibly reflected sampling error rather 
than true genetic heterogeneity, significant differences in 
allele frequencies were found within each of the billfishes. 
Wright's Fsl values exhibited genetic differentiation for 
each billfish population studied. This is in contrast to 
many other species with high dispersal capabilities which 
exhibit genetic homogeneity both within and between ocean 
basins. Together, the pattern of genetic differentiation 
within striped marlin, blue marlin, and sailfish provide 
evidence that population structure can exist in strictly 
pelagic species.
Finally, the genetic distance among billfish species 
indicated that the taxa were generally closely related. An 
UPGMA phenogram composed of Nei's genetic distance 
measurements tightly clustered Tetrapturus species, but did 
not do so for the genus Makaira (blue and black marlin). 
This raises the question as to whether blue and black marlin 
shared a recent common ancestor. At the onset of this 
study, the swordfish, X_^  gladius. was selected as an 
outgroup in the phenetic analysis of the istiophorids. 
However, the swordfish shared only one common allele with 
the istiophorids, suggesting that the lineages diverged 
outside the range whereby allozyme data is informative.
APPENDIX I
Inventory of billfish samples collected
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Pacific Blue Marlin Samples, Kona HI Aug. 1990
NO. DATE WTflbs) SEX
1. 8/13 277 F
2 . 8/14 309 M
3 . 8/15 209 M
4. 8/15 357 F
5. 8/16 234 F
6 . 8/16 357 M
7. 8/16 611 F
8 . 8/16 251 F
9. 8/17 158 M
1 0 . 8/17 176 M
1 1 . 8/17 258 F
1 2  . 8/18 150 M
13. 8/18 384 F
14. 8/18 130 M
15. 8/18 137 M
16. 8/18 172 M
17. 8/18 273 F
18. 8/19 127 M
19. 8/19 137 M
2 0 . 8/19 85 M
2 1 . 8/19 108 M
2 2  . 8/19 125 M
23. 8 / 2 0 204 F
24. 8 / 2 0 357 F
25. 8 / 2 0 158 M
26. 8 / 2 0 253 F
27. 8 / 2 0 592 F
28. 8 / 2 0 259 F
29. 8 / 2 0 283 F
30. 8 / 2 1 177 M
31. 8 / 2 1 167 M
32 . 8 / 2 1 432 F
33. 8 / 2 1 231 F
34. 8 / 2 2 262 F
35. 8 / 2 2 215 M
36. 8 / 2 2 204 M
37. 8 / 2 2 276 F
38. 8 / 2 2 302 F
39. 8 / 2 2 242 M
40. 8 / 2 2 137 F
41. 8/23 300 F
42 . 8/23 231 M
43. 8/23 462 F
44. 8/23 565 F
45. 8/24 608 F
46. 8/23 204 M
47. 8/23 191 M
48. 8/23 135 M
49. 8/23 295 F
50. 8/23 284 F
51. 8/24 254 F
52. 8/24 153 M
53. 8/24 145 M
54. 8/24 313 F
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Atlantic Blue Marlin Samples, San Juan, P.R. Sept. 1990 
NO . DATE__________WT (lbs )________ SEX
1. 9/3 356 F
2 . 9/3 381 F
3. 9/3 363 F
4. 9/3 322 F
5. 9/3 249 F
6 . 9/4 309 F
7. 9/4 375 F
8 . 9/6 284 F
9 . 9/6 404 F
1 0 . 9/7 578 F
1 1 . 9/7 292 2
1 2 . 9/7 310 2
Atlantic Blue Marlin Samples, San Juan, P.R. Aug., 1991
NO. DATE W T (lbs) SEX
1. 8/23 185 M
2 . 8/23 278 F
3. 8/23 227 F
4. 8/24 207 F
5. 8/23 302 F
6 . 8/23 249 F
7 . 8/24 350 F
8 . 8/24 240 F
9. 8/24 392 F
1 0 . 8/24 329 F
1 1 . 8/25 241 F
1 2  . 8/25 324 F
13. 8/25 289 F
14. 8/25 272 F
15 . 8/23 279 F
16. 8/23 265 F
17. 8/23 307 F
18. 8/25 231 F
19. 8/25 440 F
2 0 . 8/25 244 F
2 1 . 8/25 223 F
Blue Marlin Samples, Port Antonio, Jam. Oct. 1991 
NO . DATE_________WT(lbs)_________ SEX
1. 10/7 108 M
2 . 10/7 2 2 0 F
3. 10/7 97 F
4. 10/7 108 M
5 . 10/7 196 F
6 . 10/7 148 M
7. 10/7 109 M
8 . 10/7 1 0 1 M
9. 10/7 1 2 1 M
1 0 . 1 0 / 8 1 2 1 M
1 1 . 1 0 / 8 119 M
1 2 . 1 0 / 8 93 M
13. 1 0 / 8 193 F
14. 1 0 / 8 87 M
15 . 1 0 / 8 119 F
16. 1 0 / 8 1 2 1 M
17. 1 0 / 8 228 F
18. 1 0 / 8 135 M
19. 1 0 / 8 127 M
2 0 . 1 0 / 8 138 M
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White Marlin Samples, Cabaza de Toro,
N O . DATE WT(lbs) SEX
1. 6/3 50 M
2 . 6/3 62 F
3. 6/3 54 M
4. 6/3 40 M
5. 6/3 53 M
6 . 6/3 6 6 F
7 . 6/3 48 F
8 . 6/3 54 F
9. 6/3 46 M
1 0 . 6/3 48 F
1 1 . 6/3 52 F
1 2 . 6/3 48 M
13. 6/3 47 M
14. 6/3 48 M
15 . 6/3 50 M
16. 6/3 54 M
17 . 6/3 50 M
18. 6/3 48 M
19. 6/3 47 M
2 0 . 6/3 50 M
26. 6/3 44 F
Striped Marlin, Manta, Ecuador April
NO. DATE FL(mm) SEX
1. 4/27 1707 F
2 . 4/27 1814 F
3. 4/27 1804 F
4. 5/2 1818 F
5. 5/2 1787 M
6 . 5/2 1961 F
7 . 5/3 1704 M
8 . 5/5 1555 F
9. 6 / 6 1830 F
1 0 . 6/13 1701 F
1 1 . 6/19 1772 ?
1 2  . 6 / 2 0 1773 M
13. 6/25 1885 M
14. 8 / 1 0 1760 M
15 . 8 / 1 0 1823 M
16. 8/13 1750 F
17. 8/15 1791 F
18. 8/16 1752 M
19. 8/16 1708 M
2 0 . 8/17 1762
2 1 . 8/17 1778 F
2 2 . 8/17 1883 F
23. 8/18 1703 F
24. 8 / 2 0 1903 F
25. 8 / 2 2 1723 F
26. 8 / 2 2 1708 F
27. 8/28 1797 F
28. 8/28 1859 F
29. 8/29 1681 F
30. 8/29 1715 F
31. 8/29 1790 F
32. 8/30 1562 F
33. 8/31 1815 F
34. 9/3 1845 F
June 1990
1990
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35. 9/6 1735 F
36. 9/6 1792 F
37 . 9/6 1160 F
38. 9/7 1921 F
39. 9/10 1790 F
40. 9/12 1772 F
41. 9/13 1815 F
42 . 9/13 1836 F
43. 9/13 1766 F
44. 9/13 1851 F
45 . 9/14 1688 F
Striped Marlin, Port Stephens, AUS. Feb. 1991
NO. DATE WT( kcr) SEX
1. 2/23 55 7
2 . 2/23 53 7
3. 2/24 45 7
4. 2 / 24 78 7
5 . 2/24 8 8 7
6 . 2/24 64 F
7 . 2/26 108 M
8 . 2/26 8 6 F
9. 3/3 65 M
1 0 . 3/3 92 F
1 1 . 3/3 70 F
1 2  . 3/3 83 F
Striped Marlin, Port Stephens, AUS. Jan./March 1992
NO. DATE WT (kcr} SEX
16. 2/29 76 M
17. 1/4 67 M
18. 1/25 58 F
19. 2/29 58 M
2 0 . 2/29 77 F
2 1 . 1/25 1 0 2 F
2 2 . 1 / 1 2 64 M
23. 1/26 1 1 2 F
24. 2/29 85 F
25. 2/29 67 M
26. 2/29 82 F
27. 2 /2 9 59 F
28. 2/29 80 M
29. 3/1 61 M
30. 1/25 1 1 0 F
31. 2 / 2 2 77 F
32 . 2 / 2 2 97 F
33. 2 / 2 2 42 F
34. 2 / 2 2 8 6 F
35. 2 / 2 2 81 M
36. 2/23 76 M
37. 2/23 79 F
38. 2/23 69 M
39. 2/23 74 M
40. 2/23 89 M
41. 2 / 2 2 79 F
42 . 2 / 2 2 71 F
43. 2 / 2 2 69 M
44. 2 / 2 2 83 7
45. 2 / 2 2 133 F
46. 2 / 2 2 90 M
47. 2 / 2 2 74 F
48. 3/1 83 M
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49. 3/1 61 M
50. 3/1 71 M
51. 3/1 8 8 F
52 . 3/1 90 F
53. 3/1 90 F
54. 3/1 87 F
55. 3/3 63 M
56. 3/31 117 F
57. 3/30 92 F
58. 1 / 1 1 63 M
59. 1/28 84 F
60. 1/28 91 M
Striped Marlin Samples, Kona, HI Marc]
NO. DATE W T (lb s) SEX
1. 3/4 2 0 7
2 3/4 35 7
3. 3/4 32 7
4. 3/4 18 7
5 . 3/5 30 7
6 . 3/7 73 7 *
7. 3/7 73 M
8 . 3/8 77 7
9. 3/8 2 1 7
1 0 . 3/8 2 0 7
1 1 . 3/7 33 7 *
1 2 . 3/8 73 7
13. 3/8 59 F
14. 3/8 76 M
15. 3/9 93 F
16. 3/22 109 F
17. 3/22 26 7
18. 3/23 92 M
19. 7 2 0 7
2 1 . 4/7 80 7
2 2  . 4/7 44 7
23. 4/8 96 F
24. 7 7 7
25. 4/14 55 7
26. 4/20 81 F
27. 7 7 7
28. 4/27 76 M
29. 4/29 90 M
30. 4/29 92 M
31. 7 7 7
32. 4/30 37 M
33. 5/2 28 M
34. 7 7 7
35. 5/2 35 M
36. 5/3 61 M
37. 5/6 8 8 M
38. 5/3 8 8 M
39. 5/15 81 M
40. 5/2 81 M
41. 5/16 6 8 M
42. 5/17 109 M
43. 5/17 82 M
44. 5/17 90 M
45. 5/18 81 M
46. 5/18 63 M
47. 5/20 95 M
48. 5/19 109 M
91
49. 5/20 57 M
*= purchased at the Honolulu fish market 
Striped Marlin, Kona, HI Nov. 1991
NO. DATE WT(lbs) s e :
50. 1 1 / 1 64 M
51. 11/16 70 M
52 . 11/16 81 M
53. 11/16 64 M
54. 11/18 32 M
55 . 1 1 / 2 0 82 7
56. 1 1 / 2 1 64 M
57 . 1 1 / 2 2 67 F
58. 11/29 83 M
59 . 11/30 62 F
60. 11/30 75 M
61. 11/30 79 M
62 . 1 2 / 2 89 F
63. 1 2 / 1 2 83 F
64. 12/15 72 M
65. 12/15 31 M
6 6 . 12/19 76 F
67. 12/24 1 0 2 M
6 8 . 12/26 81 M
69. 12/26 73 M
70. 12/28 63 M
Striped Marlin, Cabo San Lucas, MX June-July 1991
NO. DATE W T (lbs) SEX
1 . 6/28 160 F
2 . 6/28 135 M
3. 6/28 1 2 0 F
4. 6/28 1 1 0 M
5 . 6/29 1 2 0 F
6 . 6/29 140 M
7 . 6/29 115 F
8 . 6/29 1 2 0 M
9. 6/29 140 7
1 0 . 6/29 1 2 0 M
1 1 . 6/29 130 F
1 2 . 6/30 73 7
13 . 6/30 125 F
14. 6/30 137 M
15. 6/30 103 F
16. 6/30 127 F
17 . 6/30 129 F
18. 6/30 1 1 1 M
19. 6/30 95 F
2 0 . 6/30 124 F
2 1 . 6/30 129 F
2 2 . 6/31 90 M
23. 6/31 1 1 0 M
24. 6/31 145 F
25 . 6/31 125 M
26. 6/31 119 M
27. 6/31 139 F
28. 7/1 125 M
29. 7/1 125 7
30. 7/1 125 M
31. 7/1 7 7
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32 . 7/1 7 7
33 . 7/1 7
34. 7/1 135 F
35 . 7/1 7 M
36. 7/1 45 M
37. 7/1 125 7
38. 7/1 137 7
39. 7/1 115 7
40. 7/1 1 1 0 7
41. 7/1 1 2 0 7
42 . 7/1 1 0 0 7
O d  J .
NO.
X X  9 XX /
DATE
L  o  X  d l l l v j  X  c t  LX cL  r  V X j  •  " C
W T {lbs)
i J J  .  1 7  7 I
SEX
1 2 / 8 35 M
2 . 2 / 8 42 F
3. 2/9 36 F
4. 2/9 50 F
5 . 2/9 31 F
6 . 2 / 1 1 48 F
7. 2 / 1 2 45 F
8 . 2 / 1 2 45 F
9. 4/14 41 F
1 0 . 4/15 48 M
1 1 . 4/15 25 M
1 2 . 2/15 43 M
13 . 2/16 44 M
14. 2/17 56 M
15 . 2/17 48 M
16. 2/18 44 M
17 . 2/18 52 F
18. 2/18 42 M
19. 2/18 48 F
2 0 . 2/19 53 F
2 1 . 2/19 40 M
2 2 . 2/19 49 M
23 . 2 / 2 0 63 F
24. 2 / 2 0 38 M
25. 2 / 2 0 35 M
26. 2 / 2 36 M
27. 2 / 2 47 F
28. 2 / 2 55 M
29. 2 / 2 7 F
Sailfish, Mazatlan, MX June 1991
NO. DATE LENGTHfmm) SEX
1 . 6 / 1 1 165 F
2 . 6 / 1 1 167 F
3. 6 / 1 1 1644 F
4. 6 / 1 1 1777 F
5 . 6 / 1 1 1591 F
6 . 6 / 1 1 1583 F
7. 6 / 1 1 1661 F
8 . 6 / 1 1 1634 F
9. 6 / 1 1 1814 F
1 0 . 6 / 1 2 1473 M
1 1 . 6 / 1 2 1644 M
1 2 . 6 / 1 2 1638 M
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13. 6/12 1597 M
14. 6/12 1817 M
15. 6/12 1614 M
(All lengths are postorbital)
Shortbill Spearfish, Kona HI
NO . DATE___________ WT (lbs )__________ SEX
1. 8/14 ? F
2. 3/91 ? ?
B l a c k  M a r l i n ,  P o r t  S t e p h e n s ,  AUS. F e b . / M a r c h  1 9 9 1  
N O  . D A T E _______________ W T ( k g ) ______________ S E X
1. 2/26 88 ?
2. 2/26 78 ?
3. 3/3 59 M
4. 3/3 92 M
5. 3/3 191 M
I.onqbill S p e a r f i s h ,  I s l a m o r a d a  FL. J u l y  19 9 1  
N O  . D A T E ______________ W T ( l b s ) _____________ S E X
1. 7/15
2. 7/15
3. 7/28
8
56
o
F (LJFL=5 5")
M (LJFL=67.5") 
F (LJFL=57.5")
APPENDIX II
Observed genotypes for striped marlin, blue marlin, white marlin, and 
sailfish.
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Observed genotypes for striped marlin
Locus Genotype
Australia
Observed
Ecuador Hawaii Mexico
AAT-1 1 1 1 / 1 1 1 2 7 3 3
1 1 1 / 1 0 0 1 1 18 1 2 7
111/83 1 3 1 2
1 0 0 / 1 0 0 30 15 2 2 17
83/100 1 1 2 14 9
83/83 0 0 5 3
ACOH 1 0 0 / 1 0 0 53 43 6 8 40
100/93 1 1 1 1
93/93 0 0 0 0
ADH - 1 1 0 / - 1 1 0 0 0 0 0
- 1 1 0 / - 1 0 0 0 1 2 0
-110/-80 0 0 0 0
- 1 0 0 / - 1 0 0 54 44 65 38
-100/-80 0 0 0 2
-80/-80 0 0 0 0
ADA 107/107 0 0 0 0
107/100 1 0 1 1
107/88 0 0 0 0
1 0 0 / 1 0 0 53 45 6 8 40
1 0 0 / 8 8 1 0 0 0
8 8 / 8 8 0 0 0 0
EST-2 1 1 0 / 1 1 0 0 0 0 0
1 1 0 / 1 0 0 0 0 1 0
1 0 0 / 1 0 0 55 45 6 8 41
PUM 161/161 0 0 0 0
161/100 1 0 0 1
1 0 0 / 1 0 0 54 45 69 40
G3PDH 184/184 0 0 1 0
184/100 9 1 0 16 8
184/46 0 0 1 0
1 0 0 / 1 0 0 46 33 50 30
100/46 0 0 0 0
46/46 0 0 0 0
GPI-2 - 1 0 0 / - 1 0 0 55 45 69 39
- 1 0 0 / - 1 2 0 0 0 0 2
- 1 2 0 / - 1 2 0 0 0 0 0
IDDH 1 0 0 / 1 0 0 54 39 63 40
100/50 1 1 2 1
50/50 0 0 0 0
MDH-1 115/115 0 0 0 0
115/100 0 1 0 0
1 0 0 / 1 0 0 55 44 69 41
MEP-1 1 0 0 / 1 0 0 43 26 43 23
100/90 1 1 13 2 1 13
90/90 1 5 5 5
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Locus Genotype
Australia
Observed
Ecuador Hawaii Mexico
PGDH 1 1 0 / 1 1 0 0 0 0 0
1 1 0 / 1 0 0 0 1 0 0
110/75 0 0 0 0
1 0 0 / 1 0 0 1 2 1 2 14 1 0
100/75 25 19 36 24
75/75 17 1 1 19 7
Observed genotypes for striped marlin (cont.)
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Locus Genotype Observed 
Atlantic Pacific
AAT-1 130/130
130/100
130/40
1 0 0 / 1 0 0
100/40
40/40
5
1 0
4
14
1 2
3
ACOH 1 0 0 / 1 0 0
1 0 0 / 8 8
8 8 / 8 8
41 54 
1 2  0  
0 0
ADH -2 0 0 / - 2 0 0  
- 2  0 0 / - 1 0 0  
- 1 0 0 / - 1 0 0
2 1 2  
1 2  18 
39 21
ADA 1 0 0 / 1 0 0
100/85
85/85
50 53 
3 0 
0 0
G3PDH 1 0 0 / 1 0 0
100/71
100/35
71/71
71/35
35/35
32 21 
16 2 1  
2 1 
3 9 
0 0  
0 0
IDH 1 0 0 / 1 0 0
100/72
72/72
53 48 
0  1 
0  0
IDDH 1 0 0 / 1 0 0
100/25
25/25
37 33 
1 2  8  
1 2
LDH-2 1 2 0 / 1 2 0
1 2 0 / 1 0 0
1 0 0 / 1 0 0
0 54
1 0  
52 0
PGDH 1 0 0 / 1 0 0
100/60
60/60
53 53 
0  1 
0  0
Observed genotypes for Atlantic and Pacific blue marlin
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Locus Genotype Observed
Atlantic Pacific
ADH - 1 0 0 / - 1 0 0 23 36
-100/-50 4 0
-50/-50 0 0
ADA 1 1 0 / 1 1 0 0 0
1 1 0 / 1 0 0 0 6
110/85 0 0
1 0 0 / 1 0 0 19 29
100/85 8 2
85/85 0 0
EST-D 1 1 2 / 1 1 2 0 0
1 1 2 / 1 0 0 3 0
1 0 0 / 1 0 0 24 37
FDH 180/180 0 0
180/100 1 1
1 0 0 / 1 0 0 26 2 1
FUM 1 0 0 / 1 0 0 26 2 2
100/65 1 0
65/65 0 0
IDDH 185/185 0 2 2
185/100 1 0
1 0 0 / 1 0 0 26 0
LDH-1 116/116 0 0
116/100 2 0
1 0 0 / 1 0 0 25 37
Observed genotypes for Atlantic and Pacific sailfish
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Locus Genotype Observed
AAT-1 207/207 4
207/100 1 0
1 0 0 / 1 0 0 6
ADA 1 0 0 / 1 0 0 17
1 0 0 / 8 8 2
8 8 / 8 8 0
G3PDH 1 0 0 / 1 0 0 16
100/57 3
57/57 0
GCDH 1 0 0 / 1 0 0 16
100/83 3
83/83 1
IDDH 140/140 0
140/100 1
1 0 0 / 1 0 0 19
MEP-1 1 0 0 / 1 0 0 16
100/87 3
87/87 1
MPI 1 0 0 / 1 0 0 17
100/90 3
90/90 0
PGDH 1 0 0 / 1 0 0 15
100/80 5
80/80 0
PGM 144/144 0
144/100 2
1 0 0 / 1 0 0 17
Observed genotypes for white marlin
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